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Abstract

Laser Powder Bed Fusion (L-PBF) is an additive manufacturing method, in which 2D patterns are
selectively melted into successive layers of metal powder by a high power laser, resulting in the
creation of a 3D component. L-PBF offers a range of advantages over traditional manufacturing
techniques: otherwise-impossible geometries, such as internal cooling channels; the ability to build

complex systems as a single part; and rapid design-to-production timelines.

Several problems must be overcome before L-PBF technology can achieve widespread adoption,
however. Rapid thermal cycling causes unpredictability during solidification, resulting in geometric

distortions, anisotropy, porosity, and undesirable microstructures in as-built components.

In-situ monitoring methods, including real-time imaging of the melt pool with high-speed cameras,
are a vital tool in solving these problems. Should engineers be able to detect and correct for defects

during the build, a significant step forward will have been made towards mainstream L-PBF usage.

The aim of this project was to add to the existing literature on the use of in-situ monitoring in L-PBF,
specifically in terms of the identification of pore formation and the prediction of microstructure, in
nickel-based superalloys. Various builds were completed, ranging from powder-free, single line
scans, to geometrically complex components. Infrared camera data was collected, alongside ex-situ
data from SEM, EBSD, and XCT. These datasets were compiled and cross-referenced, to discover

correlations and trends between melt pool images, and the resulting build.

The strengths and limitations of using melt pool images to predict pore and microstructure
formation were revealed. While it was found to be challenging, with the equipment tested, to identify
the creation of specific pores, it was found that distinct processing regions exist, in which the

likelihood of pore formation was greater.

This research builds upon previous work by other authors, advancing L-PBF towards the

predictability required for widespread adoption by industry.
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Glossary

Additive Manufacturing (AM): A modern manufacturing process involving the layer-wise fusion

of two-dimensional shapes to create a three-dimensional component.

Anisotropy: A condition where the mechanical properties of a component vary depending on the

direction in which they are tested, often caused by unidirectional solidification.

Beam Trapping: A phenomenon in transition or keyhole melting modes where a portion of

reflected light is reabsorbed within a vapour depression, deepening the melt pool.

Cellular Automata (CA): A microstructural modelling technique that uses discrete grids of cells

to simulate the formation of grains and phases during solidification.

Closed Loop Control: An advanced system that uses in-situ sensors to detect defects in real-time

and automatically adjusts machine parameters to correct them.

Computational Fluid Dynamics (CFD): A complex modelling method used to simulate mass

flow, such as convection currents and vapour depressions, by solving the Navier-Stokes equations.

Constitutional Undercooling: A solidification mechanism where the liquid composition in front

of the interface is altered by segregation, making further growth energetically favourable.

Denudation: A phenomenon where powder particles adjacent to a scan track are blown away by

gas flows from the melt pool’s vapour plume.

Electron Backscatter Diffraction (EBSD): A microscopic characterisation technique used to

determine crystallographic information, including grain size, shape, and orientation.

Emissivity: A temperature-dependent property that dictates how effectively a body emits thermal

radiation, which is essential for converting light intensity into temperature readings.

Epitaxial Growth: A common solidification process in L-PBF where the liquid at the bottom of a
melt pool nucleates coherently with the underlying substrate, causing grains to extend through

multiple layers.

Ex-Situ Data: Information gathered from a component after the build process is complete using

laboratory equipment such as optical microscopes or X-ray scanners.

Grain Average Misorientation (GAM): A metric derived from EBSD that measures the internal

strain of a grain by calculating the average misorientation between its pixels and their neighbours.

Hatch Spacing: The defined distance between adjacent parallel laser tracks within a single build

layer.

Hot Isostatic Pressing (HIP): A post-processing method that uses high temperature and high-

pressure inert gas to compact internal defects like pores and cracks.
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In-Situ Monitoring: The use of sensors to collect real-time data on electromagnetic, acoustic, or

electrical signals during the manufacturing process.

Keyhole Porosity: Voids created when a deep, unstable vapour depression collapses and traps

metal vapour bubbles within the solidifying alloy.

Lack of Fusion (LoF) Porosity: Irregularly shaped voids formed when laser energy is insufficient

to melt all powder particles or provide enough overlap between scan tracks.

Laser Powder Bed Fusion (L-PBF): A sub-branch of additive manufacturing where a high-

power laser selectively melts patterns into successive layers of metallic powder.

Marangoni Force: A primary force within the melt pool caused by variations in surface tension

that results in forced convective flow.

Melt Pool: The localized volume of molten metal created by the interaction between the laser beam

and the powder feedstock.

Near-Net Shape (NNS): Components produced via L-PBF that require minimal material removal

or subtractive machining before they are ready for end-use.

Recoil Pressure: The pressure exerted on the melt pool surface by the rapid volumetric expansion

of metal molecules as they are vaporised.

Scanning Electron Microscopy (SEM): A microscopy method that uses a focused beam of high-

energy electrons to image the sub-grain microstructure and other small features.

Segregation: The non-uniform spatial distribution of alloying elements that occurs during the

transition from the liquid to the solid phase.

Spatter: The ejection of molten material or powder particles from the melt pool area, which then

solidify and land elsewhere in the build chamber.

Staircase Effect: A geometrical inaccuracy inherent to layer-wise manufacturing where discrete

layers appear as steps on upwards-facing slopes.

Superalloy: A category of alloys, often nickel-, cobalt-, or iron-based, designed to maintain

mechanical integrity under extreme stress and high temperatures.

Thermal Gradient: The rate at which temperature decreases along a directional line extending

from the peak temperature within a melt pool.

X-Ray Computed Tomography (XCT): A non-destructive characterisation technique that uses

X-rays to create a 3D map of internal features such as pores and cracks.
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1 - Introduction

Additive Manufacturing (AM) is a modern manufacturing technique, which involves the often-
layerwise fusion of two-dimensional shapes, to form a three-dimensional component. Laser-Powder
Bed Fusion (L-PBF) is a sub-branch of AM, in which successive layers of metallic powder are coated
upon each other, with a laser selectively melting shapes into each new layer after coating, thereby

transforming powder feedstock into solid parts.

L-PBF allows for the creation of components that would be difficult or fully impossible via traditional
methods. Fuel nozzles in airplane engines, which typically consist of multiple separate parts brazed
together, have been produced as a single component [3]. Curved cooling channels within industrial
turbine blades, which cannot be machined due to their geometry, are straightforward to create with
L-PBF [4]. Fine lattice structures within artificial bone implants, can be built to osseointegrate inside
the human body [5].

L-PBF requires no tooling, or product-specific setup. Whereas an automotive factory may require
years of preparation time before a newly-designed component is ready for manufacture, with L-PBF
the preparation time may be measured in hours [6]. The per-component manufacturing cost with
L-PBF can be unaffected by scale: producing one, custom-designed part is as economically feasible
as mass producing one million [7]. This lack of requirement for large, complex factories, means that
widespread adoption of L-PBF allows the potential for a worldwide democratization in
manufacturing, with local workshops in any country being equally as capable at production as big
corporations. L-PBF is even being considered as a reliable method of self-sustaining production for

future colonies on the moon or Mars [8].

Before such ambitious futures can be realized, however, there remain many hurdles to overcome.
Material within the L-PBF build chamber undergoes extreme temperature fluctuation, with material
melting and solidifying multiple times per second, as the laser spot passes above it and near it. Pores,
cracks, residual stresses, rough surfaces, anisotropy, and poor microstructures are all commonplace,
whenever components more complex than cubes are attempted [9]. Enormous unpredictability is
currently inherent to the L-PBF process, with parts produced under seemingly-identical conditions
often displaying large differences in macro, meso, and micro-structural results. The aforementioned
fuel nozzles and turbine blades, while impressive as showcase pieces, cannot meet the quality

assurance requirements of the civilian marketplace [10].

Many research institutions are attempting to address these issues with L-PBF, using a wide range of
experimental techniques. One of the most prominent set of tools in these institutions, are in-situ
monitoring devices, which allow for real time feedback of the quality of the build process. Such
devices are pivotal in the ultimate end goal of much current L-PBF research: the implementation of

closed loop control systems inside production machines [11].



In such a system: in-situ monitoring sensors detect a range of electromagnetic, acoustic, or electrical
signals; these signals are fed into a processor, which determines, in real time, whether the build is
progressing as intended, or whether cracks, pores, or other such defects are present; and if defects
are detected, machine parameters (such as the laser power, the laser speed, the distance in between
laser tracks, or the pattern which the laser follows) are updated in order to prevent further defects,

or even heal the defects of previous layers.

Developing and implementing closed loop control is an enormous research challenge, which
encompasses several separate but related goals. This project deals specifically with in-situ
monitoring, and relating detected signals to pore defects, to mechanical properties, and to

microstructural features. The objectives of this work are as follows:

1. Evaluate the in-situ monitoring equipment at the University of Sheffield’s AM workshop, to
determine how accurately it records the laser-powder interactions inside the build chamber

2. Determine the extent to which melt pool images can be used to predict the formation of
porosity within built components

3. Determine whether thermal signatures can reveal information about the microstructural and

mechanical properties of the component

The Literature Review chapter presents a detailed overview of the exact processes occurring inside a
L-PBF machine, inside the melt pool, and inside the solidifying alloy. The cause-and-effect patterns
of defects are thoroughly discussed, as well as the many methods of designing geometries and
selecting machine parameters to prevent them. Finally, various types of in-situ monitoring are
examined, and the works of previous authors discussed, to better understand the strengths and

limitations of the current technology, and where exactly further research is required.

The Experimental Methods chapter characterises the two nickel-based powders that will be
experimented on in this work, and details the L-PBF machine, the in-situ monitoring device, and the

rest of the laboratory equipment that will be used throughout.

Chapter Four explores the characterisation of the in-situ monitoring equipment, providing insight
into the strength and limitations of the devices, and discovering the corrections and compensations

that must be applied to results in order to make them as accurate as possible.

Chapter Five focuses on what in-situ monitoring can reveal about the microstructure. A range of
simple parts are built, with various machine parameters, and their internal structure examined at
the scale of the millimeter (for porosity and cracking), the micrometer (for grain size and shape), and
the nanometer (for sub-grain cellular features). Correspondences are searched for, between the in-

situ signals and these macro, meso, and microstructural results.

Chapter Six explores an attempt to deliberately introduce a variety of porosity defects into a set of
test pieces. These pieces are both monitored in-situ during building, and undergo X-ray imaging ex-

situ, to reveal pores within their internal structure. An industrially-relevant component, with a
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complex geometry, is analysed in this manner, in order to demonstrate the differences between in-

situ monitoring in the building of simple shapes, and in the building of real world components.

The Conclusions chapter will establish the value of this work within the framework of L-PBF

research.

Finally, the Future Work chapter places the experimental findings in the context of existing
literature, and provides recommendations on the ways in which the research can be expanded upon,

with the aim of building towards the ultimate goal towards closed loop control.



2 - Literature Review

In order to fully understand and explain the current state of the art of Laser Powder Bed Fusion, the
gaps in knowledge, and the aspects which require further research, a comprehensive literature
review was undertaken before any experimental work was carried out. This chapter summarises the

review, presenting the information that is relevant to the experiments.
The chapter is broken into seven sections:

1. Introduction to L-PBF - A broad overview of the technique, the strengths, the limitations, and
the possible future of L-PBF

2. Melt Pool Physics - An in-depth exploration of the manner in which laser energy melts
metallic powder, forms a melt pool, and re-solidifies into bulk alloy

3. Alloys and Microstructures - A review of the basics of metallurgy, followed by a discussion of
metallurgy in L-PBF, and the specific alloys used in this project

4. Defects - A comprehensive breakdown of all the geometrical, surface quality, microstructural,
and mechanical issues that can arise in L-PBF

5. Factors Affecting the Build - A discussion of the design considerations that engineers and
technicians must make, when attempting to create a component that matches specifications

6. In-Situ Process Monitoring - An overview of the various signals that can be sensed during the
L-PBF process, in order to provide feedback on the build’s quality

7. Literature Review Conclusions - A summary of the literature gaps identified, which will be

explored experimentally in further chapters

2.1 - Introduction to L-PBF

This section introduces the basic concepts upon which the rest of the literature review is based;
defines the exact category of additive manufacturing being studied; and briefly explores the history,

future, advantages, and disadvantages of the manufacturing technique.

2.1.1 - Additive Manufacturing

The standards organisation ASTM International defines Additive Manufacturing (AM) as “the
process of joining materials to make objects from 3D model data, usually layer upon layer, as
opposed to subtractive manufacturing methodologies, such as traditional machining” [12]. The
world’s first AM machine was created in 1983 by Charles Hull, who three years later founded the
company 3D Systems, which began manufacturing and selling Hull’s machines [13]. This original
design used focused beams of ultraviolet light, to selectively cure photopolymer resin, in a process
known as stereolithography [14]. Over the next several decades, a wide range of alternative AM
processes and designs were developed, upon which numerous research organisations and

commercial companies were founded. Since the turn of the millennium, standards and classification



systems have begun being applied to the ever-growing field. The term Additive Manufacturing was

only formally adopted by the ASTM in 2009 [15].

Regardless of the exact process employed, all AM machines are intended to achieve the same
underlying principle: the creation of a complex, three-dimensional part, without the need for
additional tooling. One unifying requirement of all AM processes is that of the digitisation of solid
objects: the ability of a computer to transform shapes into points and lines, and guide automated
tools through the retransformation of these points and lines back into shapes. As a result, the
advances of AM over the past forty years have gone hand-in-hand with the advancement of
computing power of this period [16]. Today, the technology has matured to the extent that it is
applicable to a growing number of industrial and end-user applications, most notably the aerospace,

medical, and automotive sectors [17].

In order to bring some structure to the wide range of different AM processes, researchers classify
machines by the medium that the feedstock exists in before it is joined to the part being produced
(powder, liquid, solid, or wire filament), and the method used to join the feedstock to the part (heat,
photons, electrons, or adhesive) [18]. As shown in Figure 2.1, the ASTM has classified all AM
processes into seven broad categories [19], including Powder-Bed Fusion, the family of AM devices
that will be addressed in this work. These devices operate through the selective melting of two-

dimensional shapes, into successive layers of metal powder particles [20].

Standard Categories of AM Technologies
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The seven categories of Additive Manufacturing, and their sub-categories [19]

Metallic Powder-Bed Fusion methods can be further broken down into two sub-categories, based on
whether the energy used to selectively melt the powder particles is supplied by an electron beam, or
a laser beam [21]. It is the latter of these categories, Laser Powder-Bed Fusion (L-PBF) that shall be

focussed on from this point onwards.



2.1.2 - L-PBF Machines

As shown in Figure 2.2, all L-PBF machines incorporate the same basic components: a build
chamber, into which a build plate is lowered vertically as a component is built upon it; a powder
supply feed, which may exist as another chamber next to the build plate, or a container elsewhere in
the machine; a spreading device, usually a rake or roller, which deposits thin, uniform layers of
powder from the supply feed onto the build chamber, every time the latter sinks into its chamber; a
laser, which supplies the energy required to melt a two-dimensional shape into each successive layer
of powder; a set of scanning mirrors, which direct the laser beam across the shape being scanned;

and an inert gas supplier which ensures that the whole system operates in an extremely-low-oxygen

) X-Y galvanometer
Fibre laser @?
Beam expander /F F-theta lens

Gas outlet

environment [9].

Gas inlet -E-b Inert atmosphere

Recoater

_—~ Overhang structure

Powder
reservoir Loose powder

Solid structure

Metal substrate

Powder platform

Build platform

Figure 2.2

The basic components of any L-PBF machine [22]

In selecting which kind of laser is most appropriate for a L-PBF machine, the primary concern is the
extent to which the wavelength produced can be absorbed by the intended metal powder particles.
Most commercial machines use a neodymium-doped yttrium aluminium garnet (Nd:YAG) crystal as
the gain medium, which produces light at a wavelength of 1.06um, of which 64% can be absorbed by

iron atoms, for example, and 77% by titanium [23].

Even with an appropriate wavelength selected for the material in question, the photons of the laser
beam may not be able to impart enough thermal energy into the powder particles to cause sufficient
melting. In order to increase this likelihood, some L-PBF machines operate their lasers in pulsed
mode, rather than as a continuous beam. The advantages of using short pulses (with durations in
the range of tens of nanoseconds to tens of milliseconds) are twofold: the power of the laser during
a pulse can be orders of magnitude greater than the power of an equivalent continuous beam,
allowing for much greater melting of the powder beneath the laser spot; and due to the extremely
short timescale, there is a diminished opportunity for heat conduction to melt powder not

underneath the laser spot [24].



Another machine component that has major influence on the quality of a finished part is the powder
spreading device. Horn et al. [25] studied the effects of altering recoater types in a L-PBF process.
Three common recoaters were used: carbon fibre brushes, polymer lips, and a steel blade, as shown
in Figure 2.3. It was found that, when building parts for which ideal laser parameter settings have
been established, the steel blade provides the greatest accuracy and repeatability of powder layer
spreading. For parts that may undergo swelling (excessive heat causes solidified surfaces to rise
above the bed level after scanning), however, because either their ideal parameters are unknown or
intentionally being experimented with, the softer brushes or polymer is more desirable. This is
because contact with the steel blade will result in damaging particles being abraded into the powder
bed, and also the deformed blade not spreading the powder uniformly for the rest of the build. The

brushes and polymer, though less accurate overall, are far less likely to experience these issues.

a) b) c) d) e) f)
) R
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<— Recoater direction
Figure 2.3

Cross-section schematics, and actual images, of the recoater types used by Horn: steel blade (a) and (d);
carbon fibre brushes (b) and (e); polymer lips (c) and (f) [25]

The list of additional machine components which affect the quality of a L-PBF-produced part is
extensive. Much could be written about: the galvanometers which control the mirrors that direct the
laser beam; the lenses which shape the beam into a focussed spot; the accuracy of the piston beneath
the build plate; and the rate of gas flow, which removes vapour plumes from the path of the laser; to
name just a few of many examples [26]. Some of these components will be discussed later in this

chapter, while others will have to be omitted for the sake of scope.

The majority of innovation being conducted by L-PBF machine manufacturers, attempts to meet two
demands: increased part quality, and increased build rates. In the former category, the uses of ultra-
short laser pulses and full vacuum systems (i.e. without even an inert gas present in the build
chamber) are being explored. In the latter category, some manufacturers are introducing multiple
lasers into the build chamber, increasing laser power, and increasing powder layer thickness, to

skyrocket build rates from an industry-norm of approx. 50cms3/h, to greater than 150cms3/h [27].

2.1.3 - Advantages of L-PBF

The list of reasons why a manufacturing company may desire to produce parts through L-PBF, rather

than with traditional, subtractive processes, are many. The most prominent will be discussed here.



Depending on the industry, process, and application, an extreme amount of material may be
removed from the raw metal billets that a manufacturing company purchases, during subtractive
machining. In the aerospace industry, for example, it is not uncommon for machining processes to
remove 80 - 90% of the mass of forged titanium components, with these offcuts contributing up to
60% of the component’s manufacturing costs [28]. L-PBF can produce Near-Net Shape (NNS) parts,
which require minimal material removal before the as-built component is ready for end-use. Since
the unused and unmelted powder that surrounds the part inside the build chamber can be often be
recycled, the amount of metal waste through by L-PBF can be very small (although it should be noted

that powder production wastage, and wastage from failed builds and supports, can be significant).

L-PBF methods are capable of producing certain shapes and designs that would be entirely
impossible with traditional means; or at least impossible to create from a single component. The
most obvious example of these are non-linear internal channels, as shown in Figure 2.4. Liquid
rocket engines, which require high-pressure fluids to be delivered to a combustion chamber, and
turbine blades, which require coolant to be circulated throughout their bulk, are two applications for

which L-PBF is yielding many benefits [29, 30].

Support cells

Figure 2.4

Curved internal cooling channels, with lattice cells for support, inside an injection mould produced by L-

PBF. This geometry could not have been created as a single component by traditional methods. [31]

When using traditional methods, a manufacturing company may require years to acquire and
configure all the tooling necessary to produce a new part, even if the part only deviates slightly from
previous designs. With L-PBF, no such setup time exists. Though experimentation may be required
to find the ideal machine parameters for a new part, and though there are design limitations on what
geometries may be produced (discussed in detail later in this chapter), any L-PBF machine can begin

producing any new part instantly, without the need for tool reconfiguration [32].
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Another effect of the sometimes-enormous tooling requirements for traditional methods, as well as
the long timeframes, is the fact that it can be economically infeasible for manufacturing companies
to produce small batches of novel components. With traditional methods, there will always exist
some minimum number of components that must be made and sold, to justify the up-front cost of
acquiring and configuring the production machines. This minimum number also does not exist with
L-PBF. Manufacturing companies using L-PBF can even operate profitably when producing parts

that are customised for each individual customer, with batch sizes never exceeding one [33].

2.1.4 - Future of L-PBF

As of 2024, the global metal AM industry was worth over $20 billion USD. This market value showed
an 11% increase over the previous year, thanks largely to a 24% increase in the number of metal AM
machines being sold [34]. In the field of medical engineering, where complex, intricate parts can be
required to withstand the harsh environment of the human body, metal AM has shown substantial
promise in recent years. L-PBF is being used to fabricate femoral hip stems that are custom-made
to fit a patient’s exact body dimensions, and to create highly porous titanium alloy scaffolds to assist
bone regeneration [35]. In the fields of both automotive and aerospace engineering, where
lightweight components may need to be built to high tolerances, and survive extreme stresses and
temperatures, L-PBF is proving adept at constructing complex designs as single components, from

high-temperature superalloys [36].
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Figure 2.5

A breakdown of the Additive Manufacturing market, in 2024 [34]

As L-PBF continues to expand into multiple manufacturing industries, greater focus is being placed
on the environmental sustainability of the method. Priarone et al. [37] conducted a review into the

lifetime energy demand and carbon dioxide footprint of L-PBF parts, and compared these metrics to
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traditionally-produced counterparts. It was concluded that, in their current state of relative-infancy,
where failure rates are not insignificant, L-PBF methods require significantly more energy and
output significantly more carbon dioxide than traditional methods, when comparing on a per-
component basis. It was stressed, however, that as the process continues maturing, and the
limitations and issues discussed later in this chapter are addressed, L-PBF has the potential to

become a far more environmentally sustainable manufacturing method than traditional means.

As mentioned previously, achieving almost-complete powder recycling can reduce the material
wastage in L-PBF to near-zero, and also significantly reduce the environmental impact of the process.
In recent years, much work has been dedicated to determining the effects of powder recycling on
powder particle properties. Gruber et al. [38] found that the spherical morphology of Inconel 718
powder particles was not noticeably altered after twenty recycles. In fact, the authors actually noted
that the flowability of the powder improved after a number of recycles, as the finest particles found
in unused powder were removed through repeated builds. Heiden et al. [39], however, conducting
similar tests with 316L stainless steel powder, found opposing and less promising results: only minor
changes to particle size distribution after thirty recycles, but significant changes in particle

morphology that caused lower flowability, and also increased oxidation on particle surfaces.

The inclusion of multiple lasers in recent L-PBF machine designs (as shown in Figure 2.6) has begun
introducing a range of potential benefits. The most obvious of these is an increased build rate. Tsai
et al. [40] found that a three-laser system could reduce the amount of time needed to scan a single
layer by over 60%, compared to a one-laser system. The same authors also found that, by re-scanning
the outer contours of components with a following laser, the cooling profile of the metal could be
altered in a way that resulted in a reduction in average surface roughness by up to 50%, thereby
significantly reducing post-processing requirements. Similarly, Wong et al. [41] demonstrated an
increase in build rate of 274% when comparing a four-laser system to a one-laser system, without

any compromise on the part’s mechanical properties.

Figure 2.6

Seven independently-operating lasers, inside an Aconity3D L-PBF build chamber [42]

10



Another major development that is likely to soon significantly improve L-PBF processes, and which
will be discussed in greater detail later in this chapter, is the introduction of Machine Learning. The
high number of interdependent factors and machine parameters that affect the quality of a part, can
be overwhelming for a human operator to understand. Machine Learning (ML) has the potential to
interpret vast datasets of experimental results, compiled from researchers and workshops all across
the world, and identify trends and cause-effect relationships that may allow for greater part quality

control [43].

2.1.5 - Limitations of L-PBF

Despite the current and future promises of L-PBF, multiple, significant areas of concern continue to
prevent the method from achieving widespread industry adoption. Fundamentally, the majority of
the issues stem from the fact that the thermal cycling rates inside a L-PBF machine are orders of
magnitude greater than for any comparable traditional method. Whereas a metal part being forged
or cast may undergo cooling in the range of 10° - 10* K/s, individual powder particles in a L-PBF
build chamber may melt and solidify multiple times per second, with cooling rates above 10 K/s
[44], as demonstrated in Figure 2.7. These extreme conditions, plus the difficulty in imparting the
exact right amount of energy into a melt pool to make it a reasonable size and temperature, can often

result in numerous defects existing in the as-built part. These defects will be discussed in detail later

in the chapter.
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Sabzi et al. used analytical modelling to show how rapidly material oscillates above and below the melting

temperature, and the thermal strain (&) that results, when building in 316L steel [45]
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In Section 2.1.3, a few bespoke examples were listed of L-PBF components being used in emerging
and cutting-edge applications in the medical, automotive, and aerospace industries. Despite these,
however, there exists a general consensus amongst experts in these fields that metal AM parts still

do not, in general, meet their strict safety requirements [46].

Overall Equipment Effectiveness (OEE) is a standardised benchmark that calculates a number based
on a combination of: the percentage of passable components a factory produces; the percentage of
the maximum build rate achieved; and the percentage of machine uptime achieved. In high-tech
manufacturing industries, an OEE of above 85% is the norm. In factories and workshops using L-

PBF processes, however, OEE rests around 30% [47].

The repeatability and reproducibility of L-PBF processes is also a significant concern. Slotwinski et
al. [48] recruited five laboratories to build cobalt-chrome tensile test pieces on identical L-PBF
machines, and studied the elongation at failure of each. The standard deviation of the measurements
was found to be 51% of the mean. Such variability demonstrates the difficulty of adopting metal AM

to applications where extreme predictability is required.

2.2 - Melt Pool Physics

This section provides a concise overview of the complex physical phenomena occurring inside the
most important unit of any L-PBF process: the melt pool. Processes will be discussed
chronologically, beginning with the incidence of laser photons on powder particles, progressing

through to powder melting, and finishing with solidification.

2.2.1 - Laser-Matter Interaction

When an electromagnetic wave strikes a particle, several processes result from the interaction. For
the purposes of understanding L-PBF physics, there are three that are of interest. Firstly, some
portion of the energy contained in the beam will be absorbed by the particle, and converted into other
forms of energy, including thermal energy. Secondly, some portion of the wave’s energy will be
reflected, and continue propagating through space at the same wavelength as before the interaction.
Thirdly, some portion of the thermal energy absorbed by the particle will be emitted as further,
separate electromagnetic waves, that propagate outwards in all directions and at all wavelengths,

with their wavelength distribution being dependent upon the particle’s temperature [49].

The mechanisms through which electromagnetic waves are absorbed by particles and converted into
thermal energy are manifold. Depending on the frequency of the light and the composition of the
particle, energy may be absorbed via electron orbitals, nuclear vibration, rotations of molecular
dipoles, and more. In the case of metallic particles, the majority of absorption occurs within the sea
of free electrons, which are excited into higher energy states by the photon-electron interaction [50].

A detailed discussion of this process is beyond the scope of this work.
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The ratio in which photons are absorbed and reflected by the matter they interact with largely
depends on the morphology of the surface they strike. In terms of L-PBF, powder particles are
considered ‘grey bodies’, due to them both absorbing and reflecting photons. The absorptivity of a
powder layer is greater still than that of a single particle, due to the fact that photons reflected by one
particle can then be absorbed by another, deeper within the layer [51]. Once enough thermal energy
has been absorbed by the powder and/or bulk solid metal, and melting occurs, the new liquid surface

will generally show an even greater absorptivity value [52].

Any attempt at a mathematical understanding of the L-PBF process requires a robust estimation of
a powder’s average absorptivity as a starting point. Such an estimation, however, can be extremely
difficult. Ye et al. [53] used calorimetry measurements to determine the effective absorptivity (Ae)
of Ti-6Al-4V powder, where A. is defined as the energy required for the observed temperature
increase in the powder, divided by the energy input from the laser. It was found that the laser power
(varied between 25W and 300W), laser speed (varied between 500 mm/s and 1500 mm/s), beam
diameter (varied between 57 um and 107 um), and powder layer thickness (varied between 50 um
and 100 pum), each significantly affected the measured absorptivity, with A. values ranging from as

low as 0.3 to as high as 0.7, depending on the parameter combinations. These results are shown in

Figure 2.8.
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Ye showed how absorptivity in Ti-6Al-4V varies significantly with laser power, and also with laser speed

(A), beam diameter (B), and powder layer thickness (C) [53]

Trapp et al. [54], using similar calorimetric methods for 316L stainless steel samples, also showed
that absorptivity depends not only on feedstock, but on machine and laser settings. Depending on
their setup parameters, A. was found to vary from 0.3 to 0.8. They demonstrated, however, that the
lower A, values strongly correspond to lower laser energy input values, where melt pools are in
conduction mode. As laser energy increases, and the melt pool transitions to keyholing mode, A.
values spike rapidly towards a steady state. A detailed discussion of these melting modes will follow

in Section 2.2.2.
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2.2.2 - Melt Pool Evolution

As powder particles absorb laser energy, and their temperature rises, a phase change from solid to
liquid will occur. A semi-circular pool of molten metal will exist beneath and around the spot of laser
incidence, with a depth less than or equal to its half-width. A large portion of the laser light that is
reflected rather than absorbed, will be directed elsewhere in the build chamber. Conduction is the
primary method by which heat is transferred away from the laser spot, into the surrounding liquid

and solids [55]. Therefore, this type of melting regime is known as Conduction Mode.

Should the laser impart sufficient energy to raise the liquid temperature much further, a phase
change from liquid to gas may occur. When metallic molecules are vaporised from the liquid surface,
the matter undergoes a rapid volumetric expansion, thereby exerting a high pressure upon the
surface it left behind, known as the recoil pressure. This process of laser-induced material removal
is referred to as ablation [56]. For continuous lasers, the recoil pressure experienced by the melt
pool surface is in the range of Megapascals [57]. For ultrashort pulsed laser, the recoil pressure can

measure Gigapascals [58].

As the recoil pressure on the melt pool surface increases, a vapour depression appears, both
deepening the pool and increasing the ratio between its depth and width, known as the aspect ratio.
The dominant method of heat transfer outwards from the laser spot begins to change from
conduction to convection [59]. As the pool deepens, the portion of reflected light that is directed
elsewhere inside the build chamber will decrease, and the portion that is instead absorbed elsewhere
inside the vapour depression increases. This phenomenon is called beam trapping. The depth of the
melt pool will fluctuate stochastically, in response to the stochastic fluctuation of these portions of

completely-reflected and reabsorbed photons. This melting regime is known as the Transition Mode.

As the laser energy increases still, and the vapour depression deepens into a thin, vertical tunnel, a
stage is reached at which almost all of the reflected laser light is reabsorbed within the melt pool. In
this melting regime, known as Keyhole Mode due to the melt pool’s extreme aspect ratio, convection
is the dominant method of heat transfer [60]. There exists a steady state, at which the machine
parameters and material properties allow a melt pool in keyhole mode to maintain a consistent depth
and volume [61]. Further increases in laser energy, however, will continue to deepen the melt pool
and the vapour depression within it until the keyhole collapses, leaving behind a keyhole pore. This
process will be explored in more detail later on in the chapter. A diagram of Conduction, Transition,

and Keyhole Mode melt pools is presented in Figure 2.9.
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Conduction mode (a), Transition mode (b), and Keyhole mode (c) melt pools [62]

As demonstrated in Figure 2.10, four principle forces exist within a melt pool: buoyancy forces,
resulting from spatial variations in temperatures; gravitational forces, which are constant
throughout the volume; surface tension across the liquid-gas boundary; and the recoil pressure. The
interplay of gravitational and buoyancy forces result in free convective flows within the melt pool,
which have a negligible effect on melt pool dynamics [63]. Variations in surface tension across the
melt pool surface, known as the Marangoni force, result in a forced convective flow, which has

enormous influence on the pool’s size and shape.

(® Welding direction
Laser beam

Figure 2.10

The four primary forces inside a melt pool: Recoil, Marangoni, Buoyancy, and Gravity [63]
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In cases where surface tension forces decrease with temperature, liquid will flow outwards from the
laser spot, across the melt pool’s surface towards its edges. This surface flow creates an outward
circulation within the pool, with mass rising in its centre and falling along its outer edges, thereby
resulting in a wider, flatter pool morphology. In cases where surface tension increases with
temperature, the reverse is true: liquid flowing inwards across the centre from the edges to the laser
spot; an inward circulation forming within the pool; and narrower, deeper pool morphology [64].
The difference between these cases is demonstrated in Figure 2.11. It should be noted that in the
vast majority of cases, surface tension decreases with temperature. Some exceptions to this rule have
been found, however, namely in stainless steels treated with: high sulphur additions [65]; oxide

fluxes [66]; and oxygen inclusions [67].

(@)
= A 2
é 2\ Distance, (I) -
© 1
=z
T Temperature, (T) -@
(7]

d‘;‘: v

——— 0

dT

S
> -

\

Surface tension, (y) &
N

Temperature, (T)

iy
dT

>0

Figure 2.11
When surface tension decreases with rising temperature (a), liquid flows from the melt pool centre to its
edges, resulting in wide, shallow pools. When surface tension increases with temperature, the opposite is
true. [68]

The hottest part of the melt pool lies beneath the laser spot. The exact rate at which temperature
decreases along any directional line extending from the peak temperature, depends on a multitude
of machine and powder properties. Some factors which play significant roles in determining the
temperature gradients and isotherm layouts inside a melt pool include: the position, size, and
morphology of powder particles along the laser scanning path; the smoothness of the underlying
bulk metal; the extent to which the melt pool overlaps with solidified metal from the previous parallel

track; and the temperatures of the bulk metal and powder that surrounds the melt pool [69].
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Lane et al. [70] used thermal imaging to measure the variation in isotherm width in a melt pool
building cubes of Inconel 625. Temperatures along the melt pool lengths were measured; i.e. along
the line of the laser direction of travel. It was found that, depending on the position of the melt pool
within the scan track (and therefore the temperatures surrounding the melt pool), the amount of this
line with temperatures above 1000°C may be as little as 0.5mm, or as much as 2.5mm. An example

of Lane’s results is presented in Figure 2.12.
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Lane tracked melt pool dimensions, and found huge variability in the length of line (X) above 1000 °C [70]

Hooper [71] similarly used thermal imaging cameras to determine temperature gradients and
cooling rates within a Ti-6Al-4V test piece. It was found that maximum temperature gradients of
approx. 20 K/um existed just outside the laser spot, when the melt pool was scanning the piece’s
outer perimeter. Further out from the laser spot, closer to the boundary of the liquid pool, the
temperature gradient drops to a minimum of 5 K/um, as the relatively-steady temperatures of the

mushy zone is approached.

Furumoto et al. [72] used thermal imaging to investigate the extent to which temperature gradients
within a melt pool are affected by the temperatures of the powder particles being assimilated into it.
Single tracks of 18 Ni maraging steel powder were scanned, and the temperatures of particles that lay
in the melt pool’s path were recorded, in the moments before the laser spot crossed over them. It
was found that the extent to which powder in front laser spot was pre-heated by conduction, greatly

influenced the temperature gradient at the front of the melt pool.

As well as temperature gradients within the above-surface melt pool and adjacent powder and bulk
metal, sub-surface temperature gradients are found within the underlying bulk. In conduction
mode, the difference between above-surface and sub-surface temperature gradients within a melt
pool are found to be inconsequential. In keyholing mode, however, sub-surface gradients are far

greater than above-surface [73].

Criales et al. [74] showed the influence of the temperature of the surrounding material on a melt
pool’s size and shape. At the end of a track, when the solidified metal from the adjacent track has

been given the maximum amount of time to cool, the thermal conditions inside a melt pool are very
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different from those at the beginning of a track, immediately after the laser spot changes direction,
when the adjacent metal has been given the minimum amount of time to cool. The thermal
conditions are so different, in fact, that the authors classified the two scenarios as Type I (at the start

of a track) and Type II (at the end of a track). These melt pool types are shown in Figure 2.13.

In their experiments with Inconel 625, the authors found that, due to the increase of thermal
conductivity with temperature, Type I melt pools were wider than Type II, and skewed heavily in
shape towards the adjacent track. i.e. at the beginning of a track, the melt pool will extend into the

hot metal beside it; whereas at the end of a track, no such extension into the cooled metal is found.
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Figure 2.13
Criales defined Type I melt pools as those having just stated a track (and therefore surrounded by hot
material), and Type II melt pools as those ending a track (and therefore surrounded by cool material) [74]

In analysing the effects of laser power and speed on melt pool width, depth, and cross-sectional area
in Inconel 718 samples, Scime et al. [75] also demonstrated the high variability of these metrics.
Across a parameter space of 200mm/s to 1200mm/s, and 100W to 370W, melt pool widths were
found to vary from 100 um to 200 um, melt pool depths varied from 50 pum to 300 um, and melt pool
areas varied from 0.005 mm2 to 0.04 mm2. The standard deviations of these measurements,
however, were found to range from 10% of the mean values, up to 35% of the mean, highlighting the

extent to which melt pool morphology is a stochastic phenomenon.

2.2.3 - Solidification

Ultimately, across metallurgical manufacturing processes spanning from casting, to laser welding,
to metal AM, it is the manner in which material is returned from the liquid to solid phase that
determines the majority of a part’s mechanical properties. A detailed discussion of the ways in which
cooling rates and thermal gradients can result in different cells and grains depending on exact alloy
types, will be presented in Section 2. 3.1. The purpose of this current section is to provide an overview

of the general solidification mechanics in L-PBF.
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Just as powder particles to the fore of a melt pool are being rapidly heated, liquid at its rear is being
cooled at rates unheard of in any other metallurgical process. In casting and forging processes,
normal cooling rates range from 10° to 102 K/s [76, 77]. Cooling rates in the region of 103 and 105
K/s have been reported for Direct Energy Deposition, and laser welding processes, respectively [78,
79]. In L-PBF, cooling rates range from 10° to 107 K/s, with rates varying significantly depending on

the precise location within the melt pool’s tail [80].

Bertoli et al. [80] used a high-speed camera to record the scanning of single line tracks in 316L
stainless steel. An inverse relationship was found to exist between the cooling rate, and the linear
energy density (power/speed). This finding confirms the logical assumption that when a melt pool

is scanning across a powder bed with greater velocity, the cooling rate will be greater too.

The powder packing density of nominally spherical particles used in L-PBF (i.e. the density of the
powder compared to an equivalent bulk alloy) is in the range of 60% to 80% [81]. As a result, the
volume of material before and after the melting and re-solidification is significantly different.
Additionally, many alloys used in L-PBF undergo significant thermal expansion. The linear thermal
expansion coefficient of solidified Inconel-718 is in the range of 1.0 to 2.0 x 105 K [82], that of 316
stainless steel is in the range of 1.5 to 2.0 x 105 K* [83], and that of AlSit0Mg is in the range of 2.0
to 2.1 x 105 K [84]. Assuming a melt pool cross-section dimension of 100 um for simplicity, being
cooled by 1500 K, the aforementioned alloys could undergo a thermal contraction of up to 0.3 um:
possibly a sufficient for solidification cracking to occur, a topic which will be discussed in more detail

in Section 2.4.4.

2.2.4 - Modelling

Computer-based simulations, designed to predict the melting and resolidification of metal heated by
lasers, have been advancing alongside experimental L-PBF since the techniques inception. A
thorough examination of such modelling techniques is far beyond the scope of this work. Instead, a
brief overview of the various categories of modelling methods will be presented, roughly ranked in

order of increasing complexity and accuracy.

2.2.4.1 - Analytical Models

Straightforward equations, which often assume uniform material properties across all temperatures,
can be a useful first step in predicting the extent to which a moving laser beam can heat a substrate.
Freeman [85] explores the use of several analytical models in predicting the widths and depths of
melt pools in 17-4PH stainless steel. Most relevant to this project were the author’s employment of

the Rosenthal equation and the Eagar equation.
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The Rosenthal equation assumes a steady-state, point heat source, moving across the surface of a
solid plane, which experiences no phase or property changes regardless of temperature. The

temperature of a point at X (direction of laser travel), Y, Z is calculated as:

Txyz =To +

AP <—V(X +VXZ+Y2+ ZZ)>
ex
2m P\ 2aXZF V21 22

where T, is the solid’s ambient temperature [K], A is absorptivity, P is laser power [W], A is thermal
conductivity [J/s/m/K], V is laser speed [m/s], a is thermal diffusivity [m2/s], and X, Y, and Z are

positional coordinates [m].

When experimentally validating the Rosenthal equation, Freeman found that the model slightly
over-predicted melt pool dimensions at lower energy densities, during conduction mode melting.
The dimensions were in the correct order of magnitude, and followed the correct trend. At higher
energy densities, however, during keyhole mode melting, the model’s inability to account for fluid

flow or vapour depression, causes it to massively under-predict depth.

The Eagar equation advances the Rosenthal equation, by both implementing a Gaussian beam rather
than a point heat source, and by introducing the time dimension. Like the Rosenthal equation, the
Eagar equation assumes a solid plane with uniform properties across temperature. The model

calculates the temperature of a point at X, Y, Z, and at a target time tmax as:

. _— jf=fmax AP t=1/2 X2+ Y2 42XVt +v2t? 72
= X X
XWltmax =107 | camh A2 P 4NE + 212 5Y:

where T, is the ambient temperature [K], A is absorptivity, P is laser power [W], p is density [kg/m3],
c is specific heat capacity [J/kg/K], A is thermal conductivity [J/s/m/K], t is time [s], r is beam radius
[m], Vis laser speed [m/s], a is thermal diffusivity [m2/s], and X, Y, and Z are positional coordinates

[m].

Compared to the Rosenthal results, the Eagar equation more accurately predicted the depths of melt
pools in conduction mode. After transitioning to keyholing mode, however, the depths were again

far greater than the model’s prediction. Freeman’s results are shown in Figure 2.14.
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Figure 2.14

Both the Rosenthal and Eagar equation predict melt pool width relatively well, when compared to the
experimental data (circles). Melt pool depth predictions are accurate for conduction mode, but greatly

under-predict for keyhole mode. [85]

2.2.4.2 - Finite Element (FE) Models

Finite Element (FE) modelling techniques incorporate meshes composed of 1D points, 2D interfaces,
and 3D volume elements. Each volume element is intended to represent a unit of the material being
simulated, with various thermomechanical properties embedded within. By applying heat, stress, or
a similar stimulus to one location within the mesh, the interactions between all the volume elements
can be solved for over time, thereby predicting the heat, stress, or similar anywhere. An example of

heat applied to such volume elements is shown in Figure 2.15.

FE models solve for heat and force transfer, but not for mass flow. As a result, convection currents,

Marangoni flows, vapour depressions, and other such crucial phenomena are lost in the method.

Sarkar et al. [86] reviewed the current state of FE modelling in L-PBF, with an aim to assess the
accuracy of various techniques, and the limitations that may prevent high fidelity to experimental
measurements. The authors found that FE techniques are highly accurate at predicting strain and
distortion at the length scale of the component, but suffer from the same issues as the analytical

methods discussed previously, when it comes to predicting melt pool dimensions.

The authors point out that many FE models assume isotropy, limiting their accuracy in predicting
certain types of failure or defects in alloys prone to directional solidification. The current processing
power of computers still forces a trade-off between the high fidelity that requires fine meshes and
accurate thermomechanical properties, and computational time. The authors point out several
challenges that will need to be met by FE models in the future, such as recoater interference, sintering

effects, and the complexities of multi-material builds.
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Figure 2.15

A snapshot of the FE results from Sarkar, showing the expected temperatures as the laser progresses

across layer 9 [87]

2.2.4.3 - Computational Fluid Dynamics (CFD) Models

In order to simulate convection currents, Marangoni flows, vapour depressions, and other examples
of mass flow, the Navier-Stokes equations must be solved and incorporated into the heat-flow model.
These partial differential equations describe the motion of fluid, by relating terms like pressure,

viscosity, and external forces.

Qiu et al. [88] created a CFD model designed to simulate the melting and flowing of regularly-
arranged, soum diameter, Ti-6Al-4V powder particles, filling a 250um x 250um bed, as shown in
Figure 2.16. Their model simulated fluid flow, and the gas-liquid interface, by solving and coupling
the Navier-Stokes equations with heat and energy conservation equations. The system accounted

for surface tension, Marangoni flow, recoil pressure, drag force, and buoyancy forces.
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Figure 2.16
The heating effect of a 400W laser, passing over Ti-6Al-4V powder at 3500 mm/s (a) and 5000 mm/s (b),

according to Qiu’s CFD model [88]

The model showed strong fidelity to experimental measurements of laser-powder interactions and
fluid motion, as provided via high-speed in-situ imaging, and ex-situ Scanning Electron Microscopy
(SEM). The model did not account for laser reflection within the powder, or gas expansion due to

heating.
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The fact that such a small area was scanned in this simulation, points to the fundamental issue
currently plaguing CFD: the extreme complexity, and high computational costs, that currently make

the technique incapable of modelling component-scale systems.

2.2.4.4 - Microstructural Models

At the smallest scale, some modelling techniques attempt to predict the microstructure that will
result from solidification in L-PBF. These systems can simulate the formation grains of various

phases, and the boundaries between them.

Cellular Automata (CA) models are comparable to FE models, in the sense that grids of cells with
distinct phases and orientations are defined, and the interactions between adjacent cells will change
these states. Chen et al. [89], using CA to simulate the distribution of grain areas and orientations
in L-PBF of IN-718, found that the predicted results showed high fidelity to experimentally obtained

results, imaged via Electron Backscatter Diffraction (EBSD). These results are shown in Figure 2.17.
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Figure 2.17
Chen’s CA model: simulated grain growth across adjacent weld tracks (a); pole figures from simulations
and EBSD results (b); simulated (c) and EBSD (d) grains in the XZ plane; and simulated (e) and EBSD (f)
grains in the XY plane [89]

Phase Field (PF) models do not use discrete grids with of elements with distinct phases, but rather
solve for a continuous interface. The boundary between different phases is mushy, with properties
smoothly transitioning from one to the other. These models are extremely accurate at simulating
the growth of sub-grain microstructural elements, albeit at enormous computation costs. Choi et al.
[1] developed in 2024 a PF model, operating on a state-of-the-art high performance computer, that
simulated the building of a316L steel cube of side length 2mm, in approximately 5 hours. This
accelerated model ran significantly faster that models existing in literature at the time, and managed
to reliably reproduce features seen in the experimental measurements. A snapshot of these results

is shown in Figure 2.18.
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Monte Carlo (MC) models use probabilistic methods to simulate grain growth, predicting phases and
orientations based on energy minimisation within the solidified alloy. A mesh is defined, similarly
to FE methods, and various combinations of phases and orientations are tested at each point, until
a lowest-energy state is found. The method is best suited for post-process simulations, as it cannot
easily simulate the solid-liquid interface. Rodgers et al. [2] used an FE model coupled with an MC
model to predict the solidification of 300-series steel, built with complex scanning patterns. The
coupled model managed to simulate microstructural development so accurately, that a previously
unknown correlation between the number of re-melting cycles, and the mean size of columnar
grains, was uncovered. An example of the microstructural results predicted by the method is shown

in Figure 2.19.

Heat source

Figure 2.18

Choi’s PF model, predicting grain

growth in 316L steel [1]

Figure 2.19

The microstructure predicted by Rodgers, at three
different laser powers, in both XZ and XY [2]
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2.3 - Alloys and Microstructure

This section introduces detailed discussions of the metallurgy of L-PBF: beginning with
crystallographic and microstructural concepts that are applicable to any metal; then becoming more
focused upon the alloys that are used in AM and L-PBF; and finally landing on the specific materials

that will be experimented upon in this thesis.

2.3.1 - Microstructure Overview

As mentioned previously, it is the process of transitioning from the liquid phase to the solid phase
that determines the majority of a metal’s physical properties. In order to understand the strength,
ductility, and hardness of an alloy, one must understand the thermodynamics of solidification; and
in order to understand the thermodynamics of solidification, one must start with an understanding

of Gibbs free energy.

2.3.1.1 - Thermodynamics of Solidification

Every material can, theoretically, exist in any of its phases at any temperature: gaseous, liquid, or
any available form of solid. However, each phase has an associated energy state, known as the Gibbs
free energy, that varies across temperature, and the material will tend to transition into the phase
with the lowest energy state [90], as demonstrated in Figure 2.20. Once a solid material is heated to
its melting point, its liquid phase becomes the more energetically-favourable phase to exist in.
Should additional thermal energy be supplied to overcome the enthalpy of fusion barrier, the
chemical bonds that maintain the solid’s rigidity will break down, allowing it to flow in liquid form.
Likewise, once a liquid material is cooled to its melting temperature, the solid phase becomes
energetically-favourable. Should the material be given the opportunity to release additional thermal

energy in the form of enthalpy of fusion, the chemical bonds reform, returning the solid’s rigidity.

The form that these chemical bonds take varies based upon the material. In covalent network solids
like silica, it is the interatomic/intermolecular covalent bonds that break and reform during the
liquid-solid phase transitions [91]. Similarly, in ionic solids like salt, it is the ionic bonds that break
and reform [92]. For solids held together by intermolecular forces, such as hydrogen bonding in ice
[93], or van der Waals bonding in paraffin wax [94], it is these forces that breakdown during melting.
In the case of metallic solids, where positively charged metal atoms are held in place via the
electrostatic charge of a sea of delocalised electrons, melting occurs when these metallic bonds can

no longer restrain the atoms, allowing them to flow freely [95].
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Figure 2.20
A simplified schematic, showing how the phase with the lowest level of Gibb’s free energy varies across

temperature [96]

More often than not, materials being produced and analysed in the field of metallurgy are alloys
rather than pure metals. In such a case, no single melting point exists for the system, but rather a
range of temperatures over which it is partially melted; i.e. solidified crystals will be suspended in
liquid [97]. The upper limit of this range, above which the whole system is liquid, is called the
liquidus temperature. The lower limit, below which the system is solid, is called the solidus

temperature.

In order for a liquid alloy to fully solidify, it must transit through this region in between the liquidus
and solidus temperatures, known as the mushy zone. As crystals of a certain chemical composition
begin to solidify, the extraction of these atoms from the liquid bulk will alter the chemical
composition of the remaining liquid [98]. This process, in which cooling spatially alters the
composition of a material, is known as segregation, and will be discussed in more detail in this

section. Figure 2.21 demonstrates this segregation in the form of a binary phase diagram.
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Figure 2.21

A simple phase diagram, showing the most energetically favourable phases across temperature for all
compositions of elements A and B. Note how for all binary compositions apart from the Eutectic, there

exists a temperature range (the mushy zone), inside which there will be liquid (L), and some solids (either a

orB) [99]
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2.3.1.2 - Nucleation

There are two mechanisms by which metallic atoms or molecules that exist in the liquid state can
begin the initial transition to the solid state [100]. The first, which is very uncommon to observe in
either nature or industry, involves the liquid atoms reforming their metallic bonds with each other;
a process known as homogeneous nucleation. The second mechanism, which accounts for the vast
majority of solidification in metal manufacturing, involves metal atoms solidifying onto a pre-
existing solid, such as a container surface or foreign particle; a process known as heterogeneous

nucleation.

The reason that heterogeneous nucleation is much more common than homogeneous, is because of

competing factors in the Nucleation Free Energy equation:
4
AG(r) = §nr3Agv + 4nry

where AG(r) is the total change in Gibbs free energy [J] for liquid to nucleate into a solid sphere with
radius r [m], Agy is the change in Gibbs free energy for a unit volume to solidify [J/m3], and y is the

interfacial energy between the solid nucleus and the liquid [J/m?2].

Energy is released when liquid solidifies, so therefore Ag, is negative (favourable to nucleation).
Energy is required for the interface to exist, so therefore y is positive (unfavourable to nucleation).
Because volume is a product of 13, and surface area is a product of r2, their combination results in an

initial positive spike, followed by a negative drop, as shown in Figure 2.22.

interfacial
energy ~ 1’

AG

volume
energy ~ 1’

Figure 2.22
The total energy change of nucleation (red line), is a combination of the favourable volumetric term (green

line), and the unfavourable surface term (blue line) [101]
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It is therefore found that, at small nucleus sizes, it is energetically favourable for solidified particles
to return to the liquid phase. It is only once a critical radius has been reached, that it becomes
energetically favourable for the nucleus to grow, and for new particles to solidify onto it [102]. In
the case of heterogeneous nucleation, the foreign particle or container boundary provides a surface,

which reduces the critical radius by changing the energy balance of nucleation.

Due to the fact that homogeneous nucleation has an energy barrier, due to the critical nucleus size,
it is found that metal atoms in a liquid state can be cooled to temperature below their melting point,
yet still remain liquid. This process is called undercooling, and is a significant driving force of
solidification, since atoms below their melting temperature are very likely to heterogeneously
nucleate or bond onto pre-solidified material [103]. The extent of undercooling dictates how
energetically favourable the liquid-solid phase transformation will be, and therefore the ease with

which the metal solidifies.

Undercooling can present in two forms. Thermal undercooling refers to the temperature of liquid
metal falling below its melting temperature, and is caused by rapid cooling or a lack of nucleation
sites [104]. Constitutional undercooling refers to the composition of the liquid immediately in front
of a solid-liquid interface being altered via segregation, in a manner which reduces the liquidus
temperature of this new composition. This complex process will be discussed in more detail in this

section.

It is possible to take advantage of the fact that heterogeneous nucleation is likely to occur on foreign
particles, and introduce such particles into a liquid metal to alter the final, solidified makeup of the

metal. This process is known as inoculation, and can take many forms [105].

Once a stable nucleus has formed, whether by homogeneous or heterogeneous nucleation, with or
without an inoculant, further solidification onto the nucleus can occur. As metals are crystalline in
their solid state, they require specific atomic arrangements to form. Therefore, the rate and
morphology with which a nucleus or solid-liquid interface can grow, depends on the ability of liquid

atoms to find a suitable location at the crystal interface [106].

In an alloy, where multiple metals and impurities are mixed together, the metal with the highest
concentration is the solvent. The rest of the chemical contributions are called the solute. The solute
to solvent ratio is the solute concentration. For any given chemical mixture, at any given
temperature, assuming equilibrium (i.e. all atoms have been given infinite time to diffuse into their
preferred positions) there will be two different solute concentrations: the liquid concentration, and
the solid concentration. The liquid concentration refers to the overall solute concentration of the
entire mixture, while the solid concentration refers to the quantity of solute which the solid solvent
crystals will allow to be dissolved within their crystals. Any solute particles that exceed this

concentration limit will be ejected from the solid (again, assuming equilibrium) [107].
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The ratio of solid concentration to liquid concentration, is called the partition coefficient:

where C; is the solid concentration, and C; is the liquid concentration.

When applying the partition coefficient to the solidification of alloys specifically, it is useful to
consider these concentrations at the exact solid-liquid interface. In this context, when k<1 (as is the

case in most circumstances), solute will be rejected into the liquid as the interface grows.

2.3.1.3 - Growth Mechanisms

Imagine a flat interface, uniformly growing as liquid atoms bond to it at a constant rate across its
span. This type of solidification is called planar growth [108]. As the liquid transitions to solvent
crystals, and the excess solute that cannot be supported inside these crystals remains in the liquid
(the process of segregation), the solute concentration of this liquid immediately in front of the
interface rises. As is visible from many phase diagrams, when the solute concentration of an alloy
increases, the liquidus often temperature falls, requiring even lower temperatures for solidification
to occur. Therefore, this solute-rich layer of liquid that exists in front of a planar interface can slow
its growth.

However, slight perturbations will exist in the planar interface, caused by random temperature
fluctuations, and the stochastic movement of atoms as they bond to the growing solid. It is almost
inevitable, for most metallurgical processes, that these perturbations will extend slightly into the
liquid, out into the region away from the interface where there is a lower solute concentration, and
therefore a higher liquidus temperature, where solidification is more favourable. This is the

mechanism of constitutional undercooling [109]. This mechanism is shown in Figure 2.23.
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Figure 2.23
Constitutional undercooling: as distance from the solidification interface increases, both the liquid
temperature and the liquid’s freezing temperature increase. There exists a zone, slightly in front of the
interface, into which if a random perturbation could extend, it will find itself at a temperature and solute

concentration where further growth will be energetically favourable. [110]
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These extensions, in the lower-solute region of liquid, will therefore grow more quickly, amplifying
themselves into a series of parallel fingers, advancing into the liquid [111]. This type of interface is

called cellular growth.

As the cellular interface advances, the edges of the parallel fingers will meet. Two factors will prevent
a pair of colliding crystals from synthesising into a single crystal. Firstly, even if the interfaces both
originated from the same nucleus, stochastic imperfections in their crystal structures will result in
them having slightly different orientations, making a perfect bond impossible. Secondly, each
interface will be pushing a high concentration of solute before it, which will solidify into different,

solute-rich phases between the two crystals upon collision.

Figure 2.24 demonstrates entirely separate crystals (grains), with very different orientations growing
and colliding. The boundaries between these grains will exhibit completely mismatched lattices, and,

depending on the chemical composition, may exhibit very high solute concentrations.

(d}

Figure 2.24
A simplified diagram showing how separate nucleation sites will result in lattices with different

orientations, which will result in separate grains and their boundaries [112]

Whether an interface remains stable as planar growth, or breaks into the instability of cellular
growth, depends on the temperature gradient of the liquid, and the growth rate of the interface. It
is the contribution of constitutional undercooling, and the rate of atomic diffusion within the liquid,
that prevents the growth rate to be completely dependent on the temperature gradient, as may
initially seem logical. At higher growth rates, when the pointed tips of cellular interfaces extend
rapidly into the liquid, it is even possible for these conical interfaces to become unstable, and for
cellular growth to offshoot horizontally in the form of dendrites [113]. This type of growth is called
columnar dendritic. Should the growth rate be great enough, secondary dendrites can grow from the
sides of these primary dendrites. At greater growth rates still, tertiary dendrites have been found to

protrude from the secondary.
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These three types of interface growth - planar, cellular, and columnar - are different forms of the
same underlying mechanism of directional solidification, propagating from a starting surface,
usually a container boundary. A fourth, and distinctly different type of grain growth, is equiaxed
growth. In cooling liquids where nucleation is abundant, possibly due to purposeful inoculation,
many grains can grow throughout the melt, with their interfaces expanding roughly equally in every
direction until a neighbouring grain is collided with. Due to the lack of directionality amongst the
grains, metal parts composed largely of equiaxed grains exhibit very different mechanical properties
than parts composed of any other grain types [114]. The effects of microstructure on mechanical

properties will be discussed in more detail in this section.

The two most significant factors determining the type of grain growth (both in terms of grain
morphology and average size) are the temperature gradient across the solid-liquid interface, and the
velocity at which the interface progresses. Of course, each of these factors are both inter-related, and
dependent on multiple other factors, such as the rate at which the solid conducts away heat, the
thermal properties of the solid and liquid. Figure 2.25 demonstrates how temperature gradient (G)

and growth rate (R) determine grain characteristics.

G/R determines morphology
of solidification structure

GxR determines size of

solidification structure

Temperature gradient, G

Growth rate, R

Figure 2.25
Temperature Gradient (G), and solidification velocity (here called Growth Rate, R) determine
microstructure. Their ratio (G/R) determines grain morphology, while their product (GR, the cooling rate)

determines grain size. [115]

It must be noted that the nomenclature used in literature can be inconsistent. Different authors may
use different words to differentiate between: the different fingers growing parallel to each other
during cellular or columnar growth; the different regions where the overall direction of this growth
slightly shifted due to random perturbations; and the different zones in which solidification
originated from clearly distinct nucleation sites. For the remainder of this work, the words used for

these concepts will be cells, sub-grains, and grains, respectively.
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As a general rule, smaller grains result in stronger materials, as a finer microstructure presents more
boundaries and impediments for the movement of dislocations. It is not only the size of grains that
determines how many boundaries a moving dislocation will be impeded by, but also their
morphology. Columnar grains present many boundaries to dislocations moving perpendicular to
the solidification direction, but very few boundaries to those moving in the solidification direction
[116]. Therefore, components composed of many columnar grains are anisotropic: their mechanical
properties vary based on the direction being tested. Components with mostly equiaxed grains are
isotropic, where no such directional dependency exists. Depending on the component’s purpose,
and the orientation in which it will be used, engineers may subject it to processes to either increase
or decrease isotopy. For example, rolling metal can squash grains in one direction and elongate them
in another, decreasing isotropy. Alternatively, holding metal at elevated temperatures for prolonged
periods can cause grains to recrystallize, increasing isotropy. This kind of heat treatment will be

discussed in more detail in this section.

2.3.1.4 - Segregation

Regardless of their morphology, as grains grow, they eject solute into the liquid before them, thereby
raising the liquid solute concentration. Under real-world, non-equilibrium conditions, where atoms
do not have infinite time to diffuse into their preferred positions, as the liquid concentration rises,

so too does the solid concentration, past the theoretical limit discussed previously [117].

It is therefore observed that the chemical composition of the beginning of a grain (in the case of
cellular or columnar growth from a container boundary) or the centre of a grain (in the case of

equiaxed growth), varies continuously towards the end/edge of it [106].

Assuming that the overall solute concentration of the liquid before solidification is known, and the
equilibrium partition coefficient is known, then as an alloy solidifies along the length of its container,
it is possible to predict using straightforward calculus, what the local (non-equilibrium) solid

concentration will be at any point along the length, using the Scheil equation [118]:
Cs = kCo(1 = f)F!

where Cs is the (non-equilibrium) solute concentration at a given point, k is the partition coefficient,
C, is the overall solute concentration of the mixture, and f; is the fractional distance of the point along

the length of the container.

As the liquid concentration rises, a eutectic composition may be reached, at which the remaining
composition of solute and solvent solidifies without further segregation [119]. Alternatively, solute-

rich precipitates may form, consuming large quantities of the solute.

As solidification progresses from the start/centre of a grain towards the end/edge, the local solid
concentration will rise non-linearly from equilibrium to some higher value. Once the local value has

reached the liquid concentration, steady state solidification may occur, whereby a wave of higher
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local liquid concentration will be pushed forth by the interface, but otherwise the overall liquid and
local solid concentrations will be steady and equal until near the end of the grain [120]. This bow

wave is demonstrated in Figure 2.26.
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Figure 2.26

A simplified diagram showing the solute concentration in the solid (Z<o) and liquid (Z>>0) at Co. A bow
wave of high solute flows in front of the solidification interface (Z=0). The solute concentration

immediately ahead of the interface is Co/k. [121]

After the alloy has entirely solidified, the movement of atoms is not complete. It is very common for
different solid phases to be energetically-preferred at different temperatures. For example, as solid
Ti-6Al-4V is cooled below around 990°C, the atoms will begin moving and rearranging, transforming

from a cubic crystal structure into a hexagonal crystal structure [122].

2.3.1.5 - Post-Solidification Treatments

Heat treatment can refer to a range of processes, all of which involve three stages: heating a
component to some temperature between operating and solidus; holding the component at that
temperature for a set time; and returning it to room temperature at a roughly-known cooling rate
[123]. Heating the microstructure for prolonged periods can allow the crystal lattice sufficient time
and temperatures to rearrange into lower-energy states. Dislocations will annihilate, and solute will
become more homogeneously distributed throughout the alloy. Recrystallisation, where entirely
new grains nucleate and grow, will eventually cause the existing microstructure to be entirely
replaced with new, equiaxed grains. This low-energy, defect-free microstructure will have decreased
strength and hardness, and increased ductility after the atomic rearrangement. Recrystallisation is

demonstrated in Figure 2.27.
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90% cold rolled annealed 550°C/20h

annealed 550°C/38h annealed 850°C/1h

Figure 2.27
A Fe-based alloy that has been cold-rolled to a 90% height reduction, and then annealed according to one of
three different methods. Note the partial recrystallization evident at 20h and 38h, and the full
recrystallization at 850°C. [124]

The rate at which a metal is cooled determines the overall effect of the heating. Annealing processes
involve a slow cooling, which allows the microstructure to gradually adapt to the decreasing
temperatures [125]. As the metal cools, the lowest-energy phases will change, and the atoms are
allowed time to continue diffusing into these. Once the metal is finally returned to room

temperature, it will remain soft and relatively defect-free.

Quenching refers to a much more rapid cooling of the metal, which prevents atomic diffusion as the
lowest-energy phases change [126]. The lattice remains locked in a stressed, high-energy state, often
resulting in a microstructure that is strong and hard, but brittle. In order to combat this brittleness,
combinations of quenching and annealing at various temperatures are often used in industry, in a
process called tempering. An example heat treatment recipe, including annealing and quenching, is

shown in Figure 2.28.
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Figure 2.28
The heat treatment routine for a speciality tool steel, with each heating and cooling step designed to

promote, remove, or retain certain microstructural elements [127]

During both solidification and heat treatment, as atomic bonds are formed and atoms move through
diffusion and solute rejection, it is possible for phases high in solute, which are chemically different
to the main lattice, to form and exist as separate grains. The main lattice is called the matrix, while
these distinct grains are called precipitates [128]. When precipitates sit incoherently amongst the
matrix (i.e. there is high misorientation between the two, especially if the lattices have different
atomic arrangements), they act as significant barriers to dislocation movement. Therefore, in

general, alloys with numerous, small precipitates are stronger and harder.

Precipitation strengthening refers to heat treatment processes that are intended to increase the
amount of precipitates, while also optimising their distribution, in an alloy [129]. The method
resembles tempering: the component is annealed until all elements are dissolved within the matrix;
then quenched to trap the solute atoms in this now-high-energy state; then heated to some midway
temperature, allowing the solute to diffuse together, into precipitates that can exist both between the
boundaries of matrix grains, and inside matrix grains. The precipitation strengthening of an alloy

surface can be seen in Figure 2.29.

35



Figure 2.29

High carbon steel, heat treated to 900°C for 1 min (a), 15 mins (b), 30 mins (c), 1 hour (d), and 2 hours (e).

Note the formation of precipitates, here shown in black. [130]

2.3.2 - Metallurgy in Additive Manufacturing

The journey of an alloy being processed through L-PBF, begins with the creation of the powder,
typically via atomisation, in which a stream of molten alloy is disintegrated into fine and rapidly-

solidifying particles by means of gas, water, or plasma [131].

Gas atomisation (GA) involves the high-pressure melt stream being forced into the path of a high-
velocity jet of inert gas, which breaks up the melt into particles of varying size, and carries them into
a collection chamber. Water atomisation (WA) processes are similar, but with purified water used
instead of inert gas [132]. In the case of plasma atomisation, the alloy enters the path of the high-
temperature, high-velocity plasma jet while still in solid form, before being melted and disintegrated.
Due to the complexity and expense of this latter technique, it is used in the production of AM powders
far less frequently than GA or WA. Upon collection, the powder particles are passed through

repeated sieving steps, in order to segregate them into batches of suitable size distribution.

Due to the greater cooling rates of WA, powder particles produced this way have a much more
irregular morphology, as opposed to the sphere-like particles produced through GA. Fedina et al.
[133], examining the differences in L-PBF tracks of GA and WA powder low-alloy steel, found that
the irregular morphology of the latter had significant impacts on packing density, and flowability.
Specifically, it was noted that the cross-sectional area of a single track was 31% lower for WA than
GA, due to the both the lower packing density, and the inability of the mechanically interlocked
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powder particles to flow into the melt pool. Images of the WA and GA powder particles used by

Fedina are shown in Figure 2.30.

Figure 2.30
The Gas Atomised (top) and Water Atomised (bottom) low alloy steel [133]

2.3.2.1 - Nickel-Based Superalloys in L-PBF

The term ‘Superalloy’ is not strictly defined, but is generally understood to include alloys that are:
rich in at least one of the elements nickel, cobalt, or iron; and maintain mechanical and
microstructural integrity at high temperatures, under large stresses, and in chemically-harsh
environments. Nickel-based superalloys are the industry-standard for many medical, aerospace,
automotive, and power-production applications. Nickel forms a face-centred cubic (FCC) structure
as the matrix phase, with a variety of other phases being possible depending on the alloy’s
composition. Some of these phases contribute positively to a component’s thermomechanical
properties, while others contribute negatively or neutrally. Following is a list of the phases

commonly found in nickel-based superalloys, roughly ranked by their relevance in the context of L-
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PBF. Their standard chemical compositions are given, although it should be noted that

substitutional solutes are not uncommon. [134-136]

¢ The Gamma (y) matrix phase has a primary composition of nickel, and an FCC structure.
Depending on the alloy, Co, Cr, Mo, W, and Fe atoms may exist as substitutes.

e Gamma Prime (y') is a strengthening phase, also with an FCC structure, that precipitates
coherently within the matrix. The composition takes the form Ni;Al or Ni;Ti, and can be a
significant source of high-temperature strength.

¢ Gamma Double Prime (y") is another strengthening phase, that precipitates in some nickel-
based alloys with high iron content. The phase is body-centre tetragonal (BCT): a structure
that can form coherently with the FCC matrix, especially when in the flattened disc-shaped
form that the precipitate usually takes. The composition is Ni;Nb, and provides excellent
mid-temperature strength.

e The Eta (n) phase is chemically identical to y' (Ni;Ti), although with a hexagonal close-packed
(HCP) structure that is incoherent with the matrix. 1 can precipitate either from existing y'
or from the matrix, often as a result of overaging via prolonged high-temperature heat
treatment. These precipitates are commonly found at grain boundaries, and reduces
ductility, toughness, and creep resistance.

e The Delta (§) phase is chemically identical to y" (Ni;Nb), but with an orthorhombic structure
that is not coherent with the matrix. 8 often forms from overaged y", usually at grain
boundaries. Its formation negatively impacts mechanical properties, by both reducing y"
quantity, and also directly decreasing ductility and toughness via incoherence.

e Carbides are hard, ceramic, carbon-rich compounds that form either during solidification
(primary carbides) or heat treatment (secondary carbides). They are composed of at least
one carbon atom (C), and at least one metal atom (M). MC carbides are primary, have an
FCC structure, and can increase alloy strength. M¢C, M,Cs, and M.3;Cs carbides are secondary,
have a complex cubic structure, form along grain boundaries, and can reduce ductility.

e Topologically Close-Packed (TCP) phases are a group of phases that can form due to
overaging or high stress. Their structures are complex (e.g. rhombohedral or hexagonal), and
do not form coherently with the matrix. They precipitate at grain boundaries, and reduce
alloy toughness and ductility both directly through their presence, and indirectly by
consuming the extremely temperature resistance refractory elements (Nb, Mo, Cr, Ta, W, Re)
that are required for y' and y”. Common TCP phases are Sigma (o), Mu (), Laves, and R.

e Oxides in nickel-based superalloys mostly form on component surfaces, due to high-
temperature oxidation. Some oxides, such as Al.O; (alumina) or Cr.O; (chromia) can provide
beneficial protection to components, while others such as NiO, TiO., or Ta,O5 can be brittle,

volatile, and damaging.

38



Many different compositions of nickel-based superalloy are processable via L-PBF, with each
exhibiting a unique combination of phases, benefits, and challenges. Here follows a list of some of

the most common of these alloys, which will not be experimentally examined in this project:

e Inconel 625 is a solid-solution strengthened alloy, with significant effects contributed by MC,
Laves, 6, and MsC phases. The powder is highly weldable and printable, and components
exhibit high corrosion and oxidation resistance, and high ductility and creep strength. Care
must be taken to reduce Laves, however, as these can increase brittleness and reduce
strength. [137]

e Hastelloy X is solid-solution strengthened, with MeéC, M23Ce, 0, and Laves significant.
Components exhibit good as-built properties, and high strength and oxidation resistance in
high-temperature environments. The alloy is susceptible to solidification cracking during
printing, however, and an abundance of carbides may decrease creep strength. [138]

e Rene 41 is a precipitation-strengthened alloy, with y', MC, M23Ce, and 1 phases significant.
The y' provides high-temperature creep and tensile strength, and age-hardening can be easily
achieved via heat treatments. Components are extremely crack-prone however, with
machine parameters requiring careful optimisation before printing. [139]

e (CM247LC is a low-carbon (LC) alloy, in which y' is the most abundant phase, and y, MC,
M23Ce, and TCP phases are significant. The very high y' content allows for exceptional high-
temperature strength, and minor elemental additions lead to good oxidation resistance, and
grain boundary strength. This alloy is also extremely crack-prone, with both optimisation
and preheating often required before building. [140]

e Haynes 282 is a precipitation-strengthened alloy, with y', MC, M23Cs, and TCP phases
significant. The lower y' content allows for excellent weldability and printability, while still
offering high-temperature strength. The disadvantage of this lack of y', however, is that heat
treatment is required for precipitations to strengthen the as-built component. [141]

e Inconel 738LC is a low-carbon, precipitation-strengthened alloy, with y', MC, M23Ce, and
TCP phases significant. Similarly to CM247LC, the y' phase is extremely abundant, resulting
in components that retain strength at high temperatures, but are highly prone to cracking.

Pre-heating and parameter optimisation are required for successful printing. [142]

2.3.2.2 -Inconel 718 and ABD 900 AM

The two alloys which will be experimentally examined in this project are Inconel 718, and ABD 900
AM.

The as-built microstructure of IN-718 is rich in Laves and MC carbide phases. Heat treatment can
dissolve the Laves, and lead to the precipitation of both y' and y", the latter of which is the primary

strengthening mechanism [143]. A micrograph of these precipitates is shown in Figure 2.31. The
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size and morphology of grains, in both the as-built and heat-treated forms, depends heavily on

various factors. These factors will be discussed in more detail in Section 2.5.
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Figure 2.31

A micrograph of an IN-718 sample, showing y’ and y” precipitates, and over-aged 6 needles [144]

The solidus and liquidus temperatures of IN-718 are 1255°C and 1337°C, respectively [82]. The
thermal conductivity of IN-718 increases with temperature, as shown in Figure 2.32. Sweet et al.

[145] determined the relationship between the two as:
k =11.45+1.156 x 1072T + 7.72 x 107°T?

where k is thermal conductivity [W/m/K] and T is temperature [°C]. At 25°C and 1200°C, these
values are 11.7 W/m/K and 36.4 W/m/K, respectively.
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Figure 2.32

The thermal conductivity and specific heat capacity of IN-718 over temperature [146]

The alloy is commonly used in aerospace, automotive, and similar applications, where excellent
strength and corrosion resistance are required at very high temperatures. Up to 50% of the weight
of some turbojet engines are composed of IN-718. Its high weldability, and lack of solidification

cracking, make it an ideal alloy for the purposes of L-PBF [147].

The most notable limitation of IN-718 in the context of L-PBF, is the fact that due to the strength
that comes from its precipitates, heat treatment is required in order to fully realise the mechanical
properties of components. Abundant Laves phases, which reduce ductility, as well as extreme
anisotropy, must be addressed with annealing. Also, the fact that IN-718 exhibits both lower thermal
conductivity, and greater elastic modulus, than many other alloys used in L-PBF, can result in higher
residual stresses being left in the wake of the extreme thermal cycling that the process involves.
Barros et al. [148] found also that residual stresses of up to 400 MPa in the transverse direction, and
up to 600 MPa in the build direction, existed in as-built components. These stresses were

significantly reduced via heat treatment.

Alloys By Design (ABD) is a computational alloy design approach, developed by Alloyed, a company
spun out from Oxford University in 2017. ABD 900 AM was created via ABD, specifically for use in

additive manufacturing [149].

ABD 900 AM exhibits excellent high-temperature strength, thanks to the large (approx. 35% by
volume) y' content. Minor amounts of carbides and borides are also present in the microstructure.
The solidus and liquidus temperatures are 1305°C and 1380°C, respectively. At 25°C and 1200°C,
the thermal conductivity of ABD 900 AM is 11.0 W/m/K and 30.1 W/m/K, respectively [150]. The

thermal conductivity and specific heat capacity are shown in Figure 2.33.
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The thermal conductivity and specific heat capacity of ABD 900 AM [151]

Due to its very recent arrival on the market, the industrial usage of ABD 9oo AM has not yet been
realised to the extent that its designers intended. More research, characterisation, and qualification

will be required before the alloy becomes widespread in critical components.

2.4 - Defects

This section will provide a comprehensive overview of the ways in which an as-built L-PBF
component will deviate from its designer’s intended specification, as well as some post-processing
techniques that may reduce these deviations, or otherwise improve the properties of the component.
For the purpose of clarity, defects will be divided into four broad categories: geometrical, surface,
microstructural, and mechanical. In reality, of course, many defects could actually fall into multiple,

or all, of these classes.

2.4.1 - Geometrical Defects

Geometrical defects are those which cause the component’s size and shape to differ from the CAD
model at a macroscopic scale, visible to the human eye. Errors may come in the form of geometric

inaccuracy, dimensional inaccuracy, or thermal warping.

2.4.1.1 - Geometric Inaccuracies

Geometric inaccuracies occur when the L-PBF machine is unable to reproduce the form of the CAD
model, irrespective of any other imperfections. The most unavoidable of these inaccuracies is the
‘staircase effect’, which presents as discrete layers being visible on upwards-facing slopes (upskins),
and in an inevitable result of the layerwise fundamentals of the AM process [152]. In theory, the
‘steps’ of the staircase should equal the layer height. In practice, upskin surface roughness is often

even greater. The staircase effect is demonstrated in Figure 2.34.
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Figure 2.34
An XZ schematic, showing how the CAD geometry (blue line) can result in a staircase with a poor upskin

surface [153]

Geometric inaccuracies can also be caused by machine errors. For example, should the
galvanometers that angle the mirrors to aim laser beam direction become misaligned by a fraction
of a degree, this error will be transformed to significant misstep on the powder bed surface [154].
Likewise, inaccuracies may arise from errors in the vertical displacement of the build platform, or

from errors in beam shape or focus, via the collimator, beam expander, or f-theta lens [155].

2.4.1.2 -Dimensional Inaccuracies

Dimensional inaccuracies occur when the size of component features differ from their intended sizes,
mainly due to thermal shrinkage. Assuming that each individual weld track meets its geometrical
requirements in the instant after full solidification, the thermal contraction it undergoes as it cools
from solidus to ambient temperatures will be significant. For example, a 20mm track of IN-718, with
a coefficient of thermal expansion of 14 x 106 /°C [82], cooling by 1200°C, if unconstrained would

contract by 0.336mm; an error large enough to be noticed in certain high-end contexts.

Ning et al. [156] found that the extent of thermal shrinkage can be reduced via a reduction in line
energy density, accomplished through use of lower power, or larger laser speed or hatch spacing.
Likewise, Wang et al. [157] found that lowering volumetric energy density by increasing layer height
decreased thermal shrinkage. Of course, altering these parameters with the intent of reducing
thermal shrinkage will also effect build time and other factors. A geometrical compensation method

to combat shrinkage is shown in Figure 2.35.
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Target dimension

An exaggerated schematic, showing how an attempted rectangle (a) can contract due to thermal shrinkage

(b), and so a compensated design (c) must be used to achieve the desired dimensions (d) [158]

Since thermal contraction due to metal cooling cannot be entirely avoided, technicians must instead
design builds and L-PBF systems to compensate for its effects. Shrinkage is much more prevalent
along the build direction, since each new layer is constrained laterally by previous layers. Therefore,
it must be understood that the height of any previous layer beneath the build chamber’s level will be
slightly greater than that explained by build platform movement alone, and excess powder must be
dosed each layer to compensate for this [159]. Also, technicians should be aware that for each
scanned layer, thermal shrinkage will be more prevalent in areas with greater heat accumulation.

Scanning patterns must therefore be designed to attempt uniform heating across the bed [160].

In an attempt to minimise thermal shrinkage (as well as reduce staircase surfaces and required
supports), Paramita et al. [161] designed a novel approach to optimising build orientation. Their
system analysed the faces of each surface of the components, and analytically determined build
angles for best outcomes. Compared to non-optimised builds, their components achieved an average

reduction of 34% in deviations from the intended CAD model.

2.4.1.3 - Thermal Warping

When thermal shrinkage cannot be constrained laterally, and the ensuing contraction is so
significant that it forces previously solidified layers to curl upwards, the errors present as thermal
warpage. Warping develops not just as a result of high thermal gradients within a single layer, but
as a combined result of thermal gradients between multiple layers. Each successive layer contributes
additional tensile stresses (due to lateral thermal contraction), pulling outer edges inwards with

greater force as the build progresses, until elastic deformation occurs [162].

Reducing thermal warping is a complex process, which will be discussed in more detail in Section
2.5.3 on residual stresses. Various methods have shown promise, such as keeping scan lengths below
15mm [163], reducing line energy density [164], increasing layer height to reduce the number of
layers in a build [159], and utilising scan patters that minimise heat accumulation and thermal

gradients [165].
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2.4.1.4 - Post Processing Geometrical Defects

There is little that can be done to correct geometrical defects after a build is finished. It is impractical
to attempt to reverse warpages or geometric inaccuracies. In a few specific cases, such as if a hole is
misaligned due to thermal contraction, subtractive methods like CNC milling may provide
improvement. In general, though, if any of the defects listed previously are significant enough to
render the component unusable in its as-built state, it must be scrapped. CNC milling (and similar

methods) can be highly effective in reducing surface quality defects, which will be discussed.

2.4.2 - Surface Quality Defects

Surface quality defects are those which cause the outer surfaces of a component to be more irregular
than intended, either physically or chemically. There are multiple reasons why component surfaces
will deviate geometrically from the ideal, smooth surfaces of a CAD model. Fundamentally, upskin
surfaces will always suffer from the staircase effect, and vertical and downskin faces will suffer
because weld tracks exist as semi-circular trenches, therefore making perfect joining of layer edges

impossible.

Strategies have been identified to alleviate the effects of these unavoidable issues. Experimenting
with AlSi1oMg, Krishnan et al. [166] determined a line energy density of 1.2 to 1.8 J/mm? to result
in the best surfaces: lower energies led to uneven and porous surfaces, while at high energies surfaces
were degraded due to track thermal distortion. Working with Ti-6Al-4V, Kruth et al. [167] found that
using larger laser spot sizes (up to 200um) significantly improved surface quality, due to a remelting
of adjacent tracks. In samples of 316L steel, Yasa et al. [168] achieved a 90% reduction in the average

roughness of components by entirely re-scanning each layer, as shown in Figure 2.36.
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Figure 2.36
Yasa achieved a better surface finish (a) through re-melting, and also reduced porosity (b). Note how

porosity actually increased when the layers were re-melted three times, rather than just once. [168]
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When designing components, and positioning them upon the baseplate, engineers must be aware of
the circumstances which both reduce and improve surface quality. In general, upskin slopes display
better surface quality than downskin, as the former only exhibits the staircase effect, while the latter
exhibits both the staircase effect, and the chaotic underside of melt pools building upon powder
[169]. Also, in terms of non-sloped surfaces, side surfaces are generally of poorer quality than top
surfaces, due to the tendency of the latter to incorporate partially-melted or sintered particles
adhered to them [170]. It should also be noted that poor surface quality can become cumulative:
defects on one layer can amplify defects on subsequent layers [171]. Therefore, components should

be designed in a way to have their most error-prone features printed last.

2.4.2.1 - Edge Effects

It is often observed that the edges of each scanned layer rise above their centres. The exact reasons
for this “edge effect” are difficult to measure directly, although several hypotheses have been

suggested [172-174]:

1. The first track to be scanned in each part in each layer (which is very likely to be an edge, in
most scan strategies) will feature larger melt pools than subsequent layers, due to the lack of
adjacent solidified tracks to conduct heat laterally into.

2. Denudation is a phenomenon in which powder particles that lie adjacent to a track being
scanned are blown away by gas flows, resulting from the melt pool’s vapour plume, and from
convective currents within the inert atmosphere. Denudation is demonstrated in Figure 2.37.
Since this process will not have affected particles in the path of very first track, its melt pools
will be larger.

3. Assuming that wetting angles between solidified material and melt pools always remain equal
for a given layer, melt pools in the first track (in which both sides of the melt pool contact the
relatively-flat previous-layer surface below) will be pulled narrower and taller by surface
tension than melt pools in the subsequent tracks (in which one side will contact the steep
walls of an adjacent track).

4. Atthe end of each vector (which will also likely be at an edge), the laser switches off instantly,
thereby causing the mass of molten material ahead of the vapour depression to be rapidly
solidified in place, rather than flow around the depression to fill it from behind, as happens

elsewhere in the track.

The edge effect can cause uneven surfaces, a lack of powder particles spread in its wake, or, in
extreme cases, wear to the recoater blade. Kleszczynski et al. [175] proposes a reduction in laser

power for the vectors likely to cause bulging, as a means of mitigating the effect.
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Denudation: powder being swept out of the paths of adjacent melt tracks, by the convection currents of this

melt track [176]

2.4.2.2 -Periodic Oscillations

Researchers often find that, for their alloy and build geometry, there exists a range of energy densities
in which laser scans result in continuous tracks, but above and below which periodic imperfections
occur. Different authors use different terms to refer to these low and high energy defects. This work
will refer to the periodic oscillations visible upon solidified tracks with insufficient energy density as

“humping” or “balling”, and to those visible upon tracks scanned with too much energy as “rippling”.

At low energy densities, the laser cannot ensure a deep and wide melt pool that penetrates into the
previous layer. Instead, newly-melted powder particles sit upon the solid layer, analogous to a
cylinder of molten liquid. In order to minimise surface energy, stochastic perturbations along the
cylinder’s surface become exaggerated, as it attempts to break up into discrete globules. Usually, the
wetting between the molten and solid material will be sufficient to prevent a complete break up, and
humping will occur: the track will solidify with alternating tall-wide sections, and short-narrow
sections. Should the wetting not be sufficient, however, balling will occur: the track will degrade into

a series of non-touching droplets [177]. This process is shown in Figure 2.38.
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Figure 2.38
The effects of laser speed on the balling of 316L at 190W [178]
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The wetting between the liquid inside a melt pool, and the underlying solid substrate, is both a crucial
factor in preventing balling, and a complex process to predict or control. Some alloys (such as
aluminium with high silicon content) inherently exhibit low surface tension, and therefore are less
susceptible to balling. Others (such as titanium or steels), exhibit the opposite. Certain machine
parameter settings have been shown to reduce surface tension and balling: preheating the baseplate,
especially to temperatures close to the alloy’s solidus [163]; using powder with smoother, more
spherical surfaces [179]; and ensuring as low an oxygen content as possible within the powder and
build chamber [180].

Tang et al. [181], working in 316L steel, determined that the prevalence of balling depends entirely
on scanning speed. At higher speeds the defect occurs, even if laser power is increased to keep line

energy density constant.

Gu et al. [182], also using 316L steel, divided the balling phenomenon into two categories. At lower
laser powers, coarse balls form along the track, composed of unmelted powder particles, sintered
together or joined with limited amounts of solidified liquid. These large balls contribute extreme
structural weakness to the component, due to the poor bonding within them. At higher powers
combined with higher speeds, micrometer-scale balls were formed due to the high surface tension

forces described previously.

At higher energy densities, the vapour depression inside the melt pool will deepen, transforming the
pool into a keyhole-shaped channel, and forcing the displaced liquid out to the melt pool periphery,
as discussed in Section 2.2.2. Simultaneously, Marangoni forces create a difference in surface
tension between the pool’s centre (higher temperature, lower surface tension) and periphery (lower
temperature, higher tension), which results in a radial flow of material, outwards from the melt pool

centre. Combined, these effects induce a significant displacement of mass inside the melt pool.

This mass flow is never entirely steady. Size, shape, and placement of powder particles, fluctuations
in laser power, and small differences in local temperature, all contribute to stochastic instability in
the fluid mechanics of a travelling melt pool. This instability, combined with the effects of surface
tension, result in the formation of periodic oscillations upon the molten material at the rear of the
melt pool, much like the waves following a boat. Due to the rapid solidification of the rear of the melt

pool, these ripples can be left frozen in its wake [183].

Caprio et al. [184], working with 316L steel, found that the frequency of these ripples depended on
the penetration depth of the melt pool. As laser power was increased from 200W to 300W, the
length, width, and depth of the melt pool all increased linearly, while the frequency of the oscillations
following it decreased from 5.5 kHz to 3.5 kHz, with the rate of decrease slowing down as the power

increased. This rippling is shown in Figure 2.39.
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Caprio used the reflectivity of ripple peaks to estimate keyhole depth [184]

Because these ripples do not pose significant structural impact on components, and their harm is
largely limited to minor aesthetic effects on outer surfaces and the final layer, they appear in very
little literature. A gap exists in better understanding which machine and material parameters lead

to larger and small ripples, in terms of both amplitude and frequency.

2.4.2.3 - Oxidation

Jia et al. [185] determined that for IN-718, oxidation can be classified into two categories. An
External Oxidation Scale (EOS) is formed around the melt pool via chemical absorption of oxygen,
leading to a rapid mass gain. After solidification, an Internal Oxidation Zone is formed via diffusion
of oxygen through the oxide layer. It was found that as the laser volumetric energy density increased,
the thickness of both of these regions decreased (EOS fell from ~50 pum, to ~40 um, to ~12 um; and
I10Z fell from ~80 pum, to ~55 um, to ~30 um; as the VED rose from 70 J/mma3, to 110 J/mms3, to 130
J/mms3). At the highest densities, the oxide layer was found to be dense and protective, consisting

largely of Cr,0s.

Lu et al. [186], experimenting with 316L steel, demonstrated that even with oxygen levels inside the
build chamber as low as 500 ppm (with an oxygen partial pressure of 0.05 bar), this is still more than
enough oxygen for oxides to readily form. At the high temperatures present inside the melt pool, the
oxygen partial pressure required for the formation of oxides like Cr.O5, MnO, and SiO., can be as low
as 102 bar. This work therefore further showcases the near-inevitability of some degree of oxidation

in the L-PBF process.

The two major sources of oxygen for oxidation processes are the processing environment, and the
powder feedstock. Even once a build chamber is purged with an inert gas like nitrogen or argon,
small pockets of oxygen may remain, and leakage from poor seals may introduce additional oxygen.
Oxygen will also exist within air entrapped amongst powder particles during storage or handling,
and within air entrapped inside particles during powder production. To minimise this, it is
recommended to continually flood the powder hopper with inert gas during building, and to use finer

powder particles as these are less susceptible to containing pores of gas [187].
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2.4.2.4 - Post Processing Surface Quality Defects

Modern 5-Axis Computer Numerical Control (CNC) machines have the ability to accurately and
securely manoeuvre cutting tools onto almost any external surface on a component. Depending on
part geometry, CNC machines can be extremely effectively at reducing surface roughness. Cevik et
al. [188] built a set of Ti-6Al-4V samples, with an as-built Ra (mean height of the imperfections that
cause deviation from perfect flatness) ranging from 6.98um to 9.69um. After CNC milling, this

roughness was reduced to a range of 0.26pum to 0.92um.

Electrical Discharge Machining (EDM) uses rapid, repeated, high-voltage sparks to erode a surface,
with tiny volumes of metal, concentrated in a specific area, being melted and vaporised thousands of
times per second. EDM is often the preferred method to cut a component from a baseplate after
building, and can also be used to reduce surface roughness. Cevik et al. also experimented with EDM
on their Ti-6Al-4V samples, but found that the Ra was only reduced to a range of 2.31um to 3.09um:
a lot lower than the as-built roughness, but still significantly greater than the CNC machined surface

roughness.

Shot peening involves small, spherical balls being blasted at a surface at high velocity. Roughness is
improved not via material removal, but rather through plastic deformation that smooths out
protrusions. Both the porosity and the microstructure of the sub-surface material can be affected as
well, and significant residual stresses can be left within the component’s outer regions. Lesyk et al.
[189], working with IN-718, found that shot peening could reduce the Ra of as-built surfaces by 53%
to 19%, depending on the shot velocity used. It was found, however, that Rz (maximum valley-peak
deviations from a perfect surface) could be reduced by 20% at lower velocities, but increased by 50%
at higher velocities, indicating the dangers of using the method incorrectly. Porosity was also found

to be reduced by over 60% close to the impacted surface. These results are shown in Figure 2.40.

2.4.3 - Microstructural Defects

Microstructural defects are those which remain largely invisible, even if components are sectioned,
polished, and examined under low-magnification optical microscopy, but which affect the
composition, morphology, size, and bonding of grains, sub-grain structures, and intergranular
material. These defects can be divided into four categories: microstructural anisotropy, segregation,
non-equilibrium phases, and microstructural heterogeneity. Effective remedies exist for the
majority of microstructural features, in the form of heat treatments, which will be discussed in

Section 2.4.4.
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Figure 2.40

XZ (left column) and XY (right column) of as-built sample (a, b), and those subjected to shot peening at low
(c, d), and high (e, f) velocity by Lesyk. Note how in the XZ images, the surface is smoothest at low velocity,

but less so at high velocity. The surface micro-hardness (HRC), however, increases at high velocity. [189]

2.4.3.1 - Microstructural Anisotropy

Anisotropy can exist at all scales within components produced via L-PBF, from the centimetre to the
micron. Extreme thermal gradients exist within every melt pool, from the vapour depression at its
centre, towards the mushy zone at its periphery. The upper section of each melt pool, where the
greatest thermal gradients exist laterally, are likely to be remelted and incorporated into the lower
sections of melt pools on subsequent layers, where the greatest thermal gradients follow the build
direction. As a result, the entire component will be constructed of a microstructure which rapidly

solidified from one direction only.
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This combination of extreme thermal gradients, and unidirectional solidification, often results in
fine, columnar grains, oriented with their long axis along the build direction [190]. Epitaxial growth
is also common: liquid at the bottom of a melt pool nucleating coherently with the underlying
substrate, and therefore growing as a continuation of the underlying grains. Components can
therefore become formed largely of columnar grains which extend through multiple layers, resulting
in very significant differences in the strength and ductility of the build direction, versus the lateral
direction. Epitaxial growth is shown in Figure 2.41. Methods that had been shown to prevent
epitaxial growth include: adding inoculants to promote nucleation ahead of the solidification front;
manipulating laser parameters to achieve a growth rate and thermal gradient that favours more
equiaxed grains; and alternating between thick and thin powder layers, to alter the thermal gradient

and therefore growth direction of grains between layers [191].
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2.4.3.2 - Segregation

As discussed in detail in a Section 2.3.1, segregation refers to the non-uniform distribution of alloying
elements during solidification. Segregation can occur both on the macro-scale (the width of depth

of a melt pool) and the micro-scale (the length of cells or even dendrite arms).

52



Elements like Nb and Mo in IN-718 [193], Si in AlSi1toMg [194], and Cr and Mo in 316L [195], tend
to segregate preferentially to the liquid phase, leading to a solute-rich grain boundaries and dendrite
arm boundaries. The effects of this microsegregation are complex. In IN-718, for example: the
interiors of dendrites, rich in Al but depleted of Nb and Mo, favours the formation of y’; and the
periphery of dendrites, rich in Nb and Mo, favours the formation of y”; while interdendritic spaces,
however, rich in Nb, Mo, and C, favour the formation of harmful Laves phases. Figure 2.42 shows

the segregation of Nb during dendritic solidification.

Figure 2.42

An integrated FE and PF simulation of IN-718 grain growth, showing the concentration of Nb. Note how it
segregates from the growing dendrites into the liquid. [196]

Ghosh et al. [197] performed an uncertainty analysis to determine the factors that influenced
segregation in the L-PBF of IN-718. It was found that the velocity of the solidification front, and the
diffusivity of the liquid, were the two most significant factors, while thermal gradient was negligible.
Microsegregation was found to increase with an increasing front velocity, and decrease with
increasing diffusivity. This study suggests, therefore, that reducing laser speed may lead to a more

homogeneous microstructure.

2.4.3.3 - Non-Equilibrium Phases

A related defect, also a direct consequence of the extreme solidification conditions found in L-PBF,
is the formation of phases that exist outside equilibrium conditions either at the moment of
solidification, or after the component’s rapid cooling. As Song et al. [198] points out, for example,
the Laves phase is not present on the IN-625 phase diagram, so therefore its presence in components

indicates that precipitation is occurring outside of equilibrium conditions.

Non-equilibrium phases show a high propensity as nucleation sites for crack and micro-voids, and
also result in high-density dislocations and residual stresses, due to uneven thermal contraction

compared with surrounding equilibrium phases [199].
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2.4.3.4 - Heterogeneity

Heterogeneity refers to distinct microstructures existing in a component over the macro-scale:
different thermal conditions in different geometrical features resulting in different phases and grain
morphologies. Conduction conditions, which affect heat accumulation, thermal gradients, and melt
pool geometries, will vary significantly across any complex part, leading to microstructural
heterogeneity. Using higher line energy density can increase heterogeneity [200], while using longer

scan tracks (and therefore reducing heat accumulation) can decrease it [156].

2.4.3.5 - Post Processing Microstructural Defects

As discussed in Section 2.3.1, a metallic microstructure can be altered (through atom diffusion, stress
relief, phase transformation, or recrystallization) by heating it up to some temperature between
ambient and solidus, holding it there for some time, and cooling it. Essentially, all heat treatments
can be described by four parameters: the furnace temperature, the time at that temperature, the

cooling rate, and the gas pressure applied inside the furnace.

It is useful to categorise heat treatments by their intended purposes: stress relief; microstructural
homogenisation and grain refinement; and precipitation hardening. The first of these, stress relief,
involves components being placed for long durations in furnaces at relatively low temperatures.
Residual stresses (examined further in Section 2.4.4) are reduced, without any drastic alteration to

the microstructure.

Gruber et al. [201], experimenting with IN-718, demonstrated the effectiveness of higher
temperature stress relief treatments, measured via the bending of a rectangular component after
being cut from the base plate. The component’s long, narrow geometry (60mm, 12mm, 3mm in X,
Y, Z, respectively) caused the tip of the as-built part to displace by 3.2mm, after it was cut from the
base plate. Heating to 1150°C for 6 hours before cutting, however, completely eliminated this

displacement.

The second category, microstructural homogenisation and grain refinement, involves heating close
to the recrystallization temperature; approximately half the solidus temperature. At these
temperatures new grains begin to nucleate and grow, eventually entirely replacing the previous
microstructure with a finer and more uniform grain distribution. The process is usually referred to
as ‘annealing’, although when applied to steels, or when the cooling is rapid, the term ‘normalising’

may be used.

The third category, precipitation hardening, could be considered a subset of the second: heat
treatments intended to alter the microstructure, specifically by allowing the nucleation and growth
of phases that add to the mechanical properties. The process usually follows two steps. First
components are ‘solutionised’, essentially an annealing step, where solutes are dissolved into the

matrix to form a uniform microstructure. Components are then ‘aged’ at a lower temperature,
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allowing precipitates to form and grow. Cooling, both in between the steps and after aging, must be

rapid (quenching) to ensure the microstructure is retained.

Zhou et al. [202] designed such a two-step program for IN-718. Samples were first solutionised at
720°C for 8 hours, then aged at 620°C for 8 hours. These were compared to ‘direct aged’ samples,
which were aged at 620°C for 8 hours without the annealing steps. While precipitation of ‘ and “ was
evident in both sample sets, those that had been solutionised showed more uniform distributions.
Differences in hardness increases were minimal (296 HV, 467 HV, and 477 HV, in the as-built, direct

aged, and solutionised-aged samples, respectively).

As mentioned previously, another entire dimension exists to the application of heat treatments:
coupling heat with high pressure. This process, known as Hot Isostatic Pressing (HIP), will be

discussed further in Section 2.4.4.

2.4.4 - Mechanical Defects

Mechanical defects are those which have a direct effect on the mechanical properties of the
component, and are usually (though not always) visible under low-magnification optical microscopy.
Many of these defects originate as a consequence of defects listed previously, especially
microstructural defects. Mechanical defects fall into the categories of: residual stress, cracking,

delamination, spatter, and porosity.

24.4.1 - Residual Stress

Residual stresses are those which remain within a component, after it has been removed from the
build chamber and has reached ambient temperature. All residual stresses in L-PBF are
fundamentally caused by fact that whenever material undergoes thermal expansion and contraction,
it is going to be constrained by adjacent material. This process occurs both on the scale of the layer
(i.e. the contraction of a newly-printed layer being inhibited by previous layers), and of the melt track

(i.e. the contraction of a newly-solidified vector being inhibited by adjacent vectors) [203].

In their review paper, Li at al. [204] examined the complex relationships between build parameters
and residual stress. They found that: depending on the alloy, residual stress can either be increased
or decreased by increasing inter-layer dwell time; laser power and scanning speed also very
significantly affect residual stress, with greater line energy densities generally leading to higher
stress; orienting a build upon the baseplate in a manner which maximises heat dissipation via
conduction reduces residual stresses; preheating the build plate reduces thermal gradients, and
therefore reduces thermal stresses; and scan strategies that minimise heat accumulation, such as a
chessboard pattern, reduce thermal stress, albeit with the unintended consequence of an increased

risk of cracking.
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Evans et al. [205], working with IN-718, further explored the effects of scan strategy on residual
stress. It was found that using short scan lengths and larger hatch distances allowed for a more even
application of heat onto the printed layer, without an excessive accumulation concentrated at any
point. Longitudinal stresses (parallel to the scan vector) were found to be the main contributor to
residual stresses, and both longitudinal and transverse stresses were found to concentrate at the ends

of the vectors.
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Figure 2.43
An FE model that accompanied Evans’ experimental work, showing that normal stresses o,y (a) and 0x: (b)
are both more slightly more uniform when using unidirectional (left) scan strategies, rather than

alternating (right) [205]

As pointed out by Bartlett et al. [206], solid-state phase transformations can significantly affect
residual stresses. The rapid cooling of steels often results in a transform from austenite to
martensite, accompanied by a 4% volumetric expansion, which counteracts thermal contraction to
reduce the formation of residual stress. Similarly, the B to a martensitic transformation also
incorporates a volumetric expansion, which can counteract thermal contraction. It must be noted,
however, that these volumetric expansions are very small compared to the thermal contractions, and

each martensitic transformation will exhibit its own inherent stresses.

56



The negative effects of excessive residual stresses are manifold. Component fatigue strength can be
reduced, as sections of the material experiencing tensile strength are more susceptible to crack
formation and propagation. The uneven distribution of tensile and compressive residual stresses
within the build can also cause an anisotropy of mechanical properties. Geometric distortions are
possible, both during the build and after the part is removed from the base plate. Using a base plate

with both high rigidity, and high thermal conductivity, can reduce residual stresses [207].

2.4.4.2 - Cracking

Cracking refers to the formation of long, narrow voids within the component, as a result of the alloy
being pulled apart under stress. Cracking can occur at various points within the L-PBF process, due
to stresses originating from a variety of sources. Due to their morphology, cracks can easily
propagate further under minimal load. Therefore, cracking is the most serious defect a L-PBF

component can exhibit, in terms of a reduction in mechanical properties.

Solidification cracking occurs when an alloy that exhibits a wide freezing range (temperature
difference between solidus and liquidus), and low ductility in the mushy zone, rapidly solidifies
under conditions that produce columnar or dendritic grains. In the final stages of solidification, after
a robust network of columns and dendrites have formed and are undergoing thermal contraction,
the liquid remaining in the inter-columnar and inter-dendritic spaces may not be sufficient to fill the
volume. Crack-like voids will therefore form along the boundaries between grains, columns, or

dendrites [208]. Solidification cracking is demonstrated in Figure 2.44.

As Zhang et al. [209] describe in their review paper, two methods exist to combat solidification
cracking. Processing parameters can be optimised to encourage slower cooling or more equiaxed
growth. Also, powder feedstock can be modified with additives or inoculants to narrow the freezing

range, or promote homogenous nucleation ahead of the solidification front.

Liquation cracking is related concept, but occurs under slightly different conditions, at slightly
different locations. Within the Heat Affected Zone (HAZ) that surrounds a melt pool, if there exists
solid material with a heterogeneous microstructure and a wide freezing range, certain constituents
may be partially melted. This partial melting is especially prevalent at grain or sub-grain boundaries,
or in inter-dendritic regions where solute concentration may be high, and therefore melting
temperatures may be low [210]. As with solidification cracking, the mechanism that here results in
crack formation is a combination of thermal contraction and insufficient liquid to fill voids.

Liquation cracking is demonstrated in Figure 2.45.
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Figure 2.44
As grains attempt to thermally contract away from the melt pool centre, if the alloy’s ultimate stress is

overcome, solidification cracking will occur [211]

Top view

Liquation
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Figure 2.45
Two curved weld tracks: (a) shows central solidification cracking; (b) shows peripheral liquation cracking

[212]

Liquation cracking is common in alloys containing elements which both segregate along boundaries
and can form a eutectic mixture (i.e. a composition which exhibits a much lower melting point that
others in the alloy). In IN-718, for example, Nb solute becomes concentrated at grain boundaries
where it can form a NiNb eutectic, the lower melting temperature of which is susceptible to liquation
Similarly, in AISI 321 steel, a eutectic composition of TiC and austenite iron can cause liquation at

grain boundaries [213]. Liquation cracking can be reduced via alloy design to reduce the quantity of
segregating elements that form eutectic compositions.

58



Cold cracking also occurs due to thermal contraction, but in fully solidified material that is being
cooled from solidus to ambient temperature. High residual stresses, especially those which exhibit
significant heterogeneity throughout the component, can cause material to tear in tension. Building
cubes of Mg-Gd-Zn-Zr alloy GZ151K, Deng et al. [214] demonstrated that cold cracking is attributed
to the build-up of residual stress over the height of the build, until the tensile forces within the
component exceed the alloy’s ultimate tensile strength. Wei et al. [215], in cubes of Al-Fe-V-Si alloy,
showed that cold cracking is most severe along melt pool boundaries, due to high concentrations of
precipitates that exhibit different thermal expansion coefficients to the bulk. Methods of reducing
cold cracking include: alloy design to reduce thermal contraction and increase ductility; reducing
thermal gradients via scan strategy optimisation or beam shaping; and preheating of the base plate.

Cold cracking is shown in Figure 2.46.
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Figure 2.46
An XZ image (a) of an as-built GZ151K sample, and an XY subsurface image (b), both showing cold cracks

that have propagated across many grains [214]

Ductility dip cracking is a phenomenon that occurs in some alloys, such as certain austenitic steels
and nickel-based superalloys. A temperature-ductility graph of the alloys in question will show
ductility increasing as temperature increases from ambient towards solidus temperature (Ts), at
which point ductility falls precipitously as expected. A deviation to this expected curve, however,
exists in the form of a sharp ‘dip’ in ductility, between approx. 0.5 Ts and approx. 0.8 Ts. Proposed
mechanisms for this dip in ductility include grain boundary sliding, precipitate-induced strain, and
solute segregation, yet fundamental gaps in understanding still exist [216]. As solidified and cooling
material passes through this dip in ductility, the stress it is experiencing will suddenly cause cracking.

Ductility dip cracking is shown in Figure 2.47.
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The ductility dip between 0.5Ts and 0.8T;s of a Nickel-based alloy. The rise in ductility due to

recrystallisation at higher temperatures is another proposed mechanism. [217]

2.4.4.3 - Delamination

Delamination refers to the splitting of a L-PBF component along its build layers, due to a
combination of high residual stresses, and poor inter-layer bonding, as shown in Figure 2.48. Zhang
et al. [218] demonstrated that it is the latter of these which is more crucial in determining whether a
part will delaminate. The authors, building cubes of Ni-rich NiTi, demonstrated delamination
occurring in low energy density regions (laser powers below 100W), with large hatch spacings (above
1ooum). These parameters resulted in sufficient lack of fusion porosity (a defect discussed in detail
in this section), for the cubes to exhibit a tensile strength in their build direction that was overcome

by residual stresses.

Figure 2.48

The delamination of Ti-6Al-4V samples due to poor inter-layer bonding [219]

Poor inter-layer bonding can also be caused by oxidation. The presence of an oxide film upon the
upper surface of each deposited layer can act as a barrier between the metallic atoms of subsequent
layers. Should the oxide film be remelted and dissolved as each new track is scanned, increased
delamination can still occur, as the presence of oxygen in a melt pool is known to reduce wettability

with the underlying layer [220].

60



As demonstrated by Horn et al. [25], contact with the recoater blade can amplify delamination
issues. Building very thin-walled specimens of IN-718, the authors showed that, even for recoaters
that use soft carbon fibre brushes, damage from contact was sufficient to dislocate newly-printed
layers. The effect was even more pronounced for recoaters that use polymer lips, and more so for
steel blades.

24.4.4 - Spatter

Spatter refers to the ejection of molten material from the melt pool, which solidifies and falls
elsewhere within the build chamber. Though arguably not a defect by itself, spatter can be the cause
of significant defects in each category explored in this section. Four related mechanisms explaining
this high-velocity material expulsion are found in the literature: Each concerns a different melting
regime or set of regimes. The first mechanism occurs as the melt pool transitions from conduction
to keyhole regime; the second occurs at all points in the keyhole regime; the third occurs while the
melt pool is in keyhole instability; and the fourth occurs at all melting regimes. Some authors have

proposed multiple types of spatter, classified based on their mechanism, as shown in Figure 2.49.
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Figure 2.49

A diagram of spatter by Kivirasi, who proposes three classifications of spatter [221]

As demonstrated by King et al. [222] building in 316L steel, there exist certain machine parameters
for which the melt pool’s regime will transition between conduction and keyhole, stochastically
alternating between the two depending on local thermal conditions and powder particle
morphology. At the moment that the recoil pressure upon the melt pool overcomes the surface
tension, and the vapour depression extends deep below the sides, the molten material that was
previously in the pool’s centre is displaced. This liquid metal can be ejected out of the pool, and

across the powder bed.

During keyhole melting, the ejection of high-velocity vaporised particles from the melt pool results

in a high-temperature vapour plume emitting from its surface. The inert gas within the build
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chamber can be caught within this flow, creating strong convective gaseous currents surrounding the
melt pool [223]. Any material swept into this flow, either powder particles or liquid breaking off the
melt pool surface, will be melted and carried high away from the pool, and ejected out across the

powder bed.

Huang et al. [224] distinguish between three types of sub-regimes within the keyhole melt mode:
quasi-stable (in which the keyhole retains a relatively stable geometry), unstable (in which the
keyhole depth dramatically fluctuates due to regular collapse), and a transition region in between
these two. It was found that in the latter two of these sub-regimes, the forcing of molten material
out of the centre of the melt pool caused an ejection across the powder bed, in a similar manner to
that described for conduction-keyhole transition spatter described previously. Huang used X-ray
Computed Tomography (XCT) to analyse the sub-layer formation of porosity. These results are

shown in Figure 2.50.
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From Huang: (a) XCT images of quasi-stable, transition, and unstable keyholes; (b) the relationship
between normalised enthalpy (will be discussed later in this chapter) and the keyhole front wall angle; (c)
XCT images of a transition keyhole, on a powder-free aluminium plate, undergoing rear keyhole wall
(RKW) collapse; (d) illustration of (c); (e) XCT images of an unstable keyhole, on a powder-free aluminium
plate, undergoing keyhole bottom collapse; (f) illustration of (e) [224]
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Spatter particles, after being ejected from the melt pool, rapidly solidify and are transported away by
both their own inertia, and by the flow of inert gas. Though less significant than the three
mechanisms listed previously, spatter can also be produced via the mechanism of the flow of this
inert gas [225]. Molten material can be carried away from the melt pool, or solid powder particles

can be carried into the path of the laser and vapour plume, by the inert gas flow.

No matter which mechanism is responsible for the creation of spatter, its effects can be detrimental
to build quality. Some spatter particles may land upon the powder bed, and lie on top of the powder
in the path of vectors yet to be scanned in the current layer. Others may land upon solidified tracks,
get covered in powder during recoating, and lie beneath and amongst the powder in the path of
vectors to be scanned in the next layer. In either case, the inclusion of these particles presents a
radical departure from the usual laser-powder interaction for this the machine has been
optimised. The energy required to remelt spatter particles, and incorporate them into the melt pool,
is significantly larger than the energy required to melt and incorporate standard powder

particles. Therefore, spatter upon the powder bed is a noteworthy source of lack of fusion porosity.

Experimenting with Hastelloy X, Esmaeilizadeh et al. [226] demonstrated a contrast between the
size of their powder particles (generally smaller than 45um), and the resultant spatter particles (some
exceeding 10oum). It was found that the adhering of this spatter to outer surfaces greatly impart

roughness, with R, increasing from 14.4um to 28um on the part’s upper surface.

Spatter particles that protrude significantly from the powder bed before recoating will cause one or
both of the following detrimental effects: if the particle is strongly bonded to the part’s upper surface,
having been adhered to a melt pool, it may damage the recoater blade; if it is either not adhered, or
has been broken free by the blade, it will be swept across the bed leaving a deep trough in its wake
[227]. In either case, the effect on the next or on all subsequent layers may be significant. These

troughs are demonstrated in Figure 2.51.

Figure 2.51
Mounds, in-line with parts, due to spatter adhered to part surface causing blade damage; and trenches,
away from parts, due to loose spatter on bed being swept by blade. Note that upon visual inspection, any

damage to the part’s final layer is not immediately obvious. [228]
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As discussed previously, the mechanisms of spatter formation largely revolve around the regime in
which melting occurs. If parameters can be selected that ensure as many vectors as possible remain

in either conduction or stable keyhole regime, then spatter formation can be avoided.

2445 - Porosity

Porosity refers to the inclusion of voids within a component, filled with gas or powder. These voids
can be divided into three distinct categories, based on their formation mechanisms. These are Lack

of Fusion, Keyhole, and Gas pores. These categories are shown in Figure 2.52.
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The three major types of porosity: keyhole, lack of fusion, and gas (here labelled H,) [229]

2.4.45.1 - Lack of Fusion Porosity

Lack of Fusion (LoF) pores are formed when the laser energy is insufficient to melt all of the powder
particles in a scan layer, as demonstrated in Figure 2.53. This error will manifest as insufficient
overlap between melt pools, resulting in long, irregular-shaped volumes between vectors, filled with
powder particles, partially melted powder particles, and the gas that existed amongst these particles

after they were spread across the build chamber.
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Figure 2.53

A schematic showing how some regions of the powder bed (red), can be missed by all the melt tracks

(outlines shown in orange) when hatch spacing is too large [229]
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LoF can be quite accurately predicted by basic machine parameters alone. Tang et al. [230]
developed a model that predicted the width and depth of a melt pool with the Rosenthal equation,
which calculates the temperature at a given point around a moving heat source, based on simple
parameters like the source’s power and speed, and the substrate’s absorptivity and thermal
conductivity. Combining these predicted dimensions with layer heights and hatch spacings, it is
possible to estimate the extent of melt track overlap (remelting) and/or insufficient melting (LoF) a
build will experience. The authors searched existing literature for reports of experiments in which
all necessary parameters were given, and found that their model was able to predict the LoF porosity

in these experiments with high accuracy.

Whether or not a given scan vector will undergo sufficient melting to prevent LoF porosity can also
depend on local powder particle conditions. Wang et al. [231] incorporated these more advanced
properties in their model, taking into account the powder particle size distribution, the particle
packing pattern (i.e. the amount of gaps amongst the particles), and the difference in conduction
conditions between solid and powder. The authors validated their model against builds of Ti-6Al-
4V, and found that their predicted values of part porosity fell within 6% of the experimentally

measured values.

As mentioned previously, LoF porosity can also be caused by the presence of spatter particles upon
the powder bed. These particles are usually significantly larger than the powder, and have developed
surface oxides which alter their laser-material interaction properties. Building in IN-718, Snow et
al. [232] tracked the locations that spatter particles fell using in-situ monitoring, and later
determined the locations of LoF pores using X-ray Computed Tomography. They found that a causal
relationship between the two could be determined, with both the likelihood of, and the size of, a LoF
pore increased as the size of the spatter particle increased. For spatter particles with an equivalent
spherical diameter of above approximately 770um, the probability of it causing a LoF pore reached

100%.

Due to their irregular shape and sharp corners, LoF pores can act as stress concentrators and crack
initiation sites, significantly reducing both the tensile and fatigue strengths of components. They are
arguably the most detrimental of all possible defects upon the mechanical properties of a L-PBF
part. Working in 316L steel, Zhu et al. [233] found that an increase in porosity from 0.87% to 2.81%,
led to a decrease in yield strength and fatigue strength of 20.14% and 38.35% respectively. These

results are shown in Figure 2.54.
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Figure 2.54
How porosity affected mechanical properties from Zhu [233]

As noted by Aliyu et al. [234] it is the LoF pores that make contact with the outer surface that are the
main initiation points for ruptures that cause part failure. Therefore, the effects of LoF porosity
could be significantly mitigated by scanning outer contours around each layer, to promote a defect-

free surface.

Since LoF pores tend to align with the laser tracks, they act as a notable source of mechanical
anisotropy. The effects of this anisotropy are not entirely intuitive, however. Ronneberg et al. [235],
experimenting with 316L steel, showed that both the ductility and yield strength were lower in the Z
(build direction) than the X or Y direction in components with LoF porosity. However, the authors
found that once all microstructural anisotropy was removed via heat treatment, the yield anisotropy
disappeared too, while the ductility anisotropy remained. It was concluded, therefore, that while
LoF defects are the cause of ductility anisotropy, it is microstructural anisotropy alone that is

responsible for yield anisotropy.

2.4.45.2 - Keyhole Porosity

As discussed in Section 2.2.2, keyhole pores are formed when the walls of a deep keyhole touch and
rejoin, thereby sealing off the bottom section as a bubble of metal vapour within the liquid melt
pool. Due to the rapid solidification conditions, this bubble will not have time to rise to the surface
before the material around it freezes, thus trapping it within the component. As determined by Yu
et al. [236], there are five interconnected factors that dictate the stability and fluctuations of

keyholes:

e Recoil Pressure - The force generated by the vaporisation of liquid at the melt pool surface.
As the keyhole shape changes, and the amount of laser energy reaching each area of the
surface changes, this force can vary rapidly.

e Surface Tension - The force that attempts to minimise the melt pool’s liquid surface area. It

shows an inverse relationship with recoil pressure.
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e Vapour Pressure - The force exerted on the walls of keyholes and keyhole pores by the
vaporised material. Since the pressure of this gas depends on temperature, any fluctuations
in the amount of heat absorbed within the keyhole can lead to large changes in the forces
applies on the keyhole walls.

e Liquid Vortex - It is found that the liquid around a keyhole pore spirals as a vortex. The lower
part of this vortex plays a role in pinching the keyhole tip, encouraging a collapse.

¢ Keyhole Morphology - The shape and features of the keyhole, particularly protrusions along
its walls, amplify fluctuations. The quantity of laser energy that’s absorbed elsewhere inside
the keyhole after initially being reflected, also depends largely on the vapour depression’s

morphology.

The likelihood of a keyhole becoming unstable and collapsing into a pore can largely be predicted by
machine parameters and material properties. Laser power is found to be the most significant
determinant, with the other parameters affecting volumetric energy density (i.e. laser speed, hatch

spacing, layer height) also contributing [237]. A CFD model demonstration of keyhole porosity

formation is shown in Figure 2.55.
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Figure 2.55
A CFD model, showing how when keyhole walls touch (bridge), a bubble gets separated from the main, and
can be retained in the solid [238]

Gan et al. [239] developed the universally-applicable dimensionless Keyhole Number, which
describes the aspect ratio and stability of a keyhole.

AP
(T, — Ty)mpcVaVr3

Ke =
where A is absorptivity, P is laser power [J/s], Ti is liquidus temperature [K], T, is substrate

temperature [K], p is density [kg/ms3], c is specific heat capacity [J/kg/K], a is thermal diffusivity

[m2/s], V is laser speed [m/s], and r is laser radius[m].
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Building in 6061 Aluminium and 316 steel, it was found that melt pools existed in conduction mode
where Ke < 1.4, in transition mode where 1.4 < Ke < 6.0, and in keyhole mode where 6.0 < Ke. As
the Kehole Number further increased, the stability of the keyhole deteriorates. Where 6.0 < Ke < 16,
there was very little fluctuation and almost no porosity or spattering. Where 30 < Ke, the keyholes

were extremely unstable, with large porosity and spattering occurring.

Due to their spherical nature, keyhole pores are far less damaging to a component’s mechanical
properties than LoF pores. Montalbano et al. [240], experimenting with Ti-6Al-4V, measured the
elastic modulus and tensile strength of samples with varying fractions and types of porosity. They
found that the decreases in these mechanical properties in the samples with keyhole pores, could be
fully explained by the decreases in cross-sectional area due to the porosity levels: i.e. the presence of
keyhole pores does not negatively affect the properties of the solid material surrounding it. In the
case of the samples with LoF porosity, the decreases in elastic modulus and tensile strength was more

extreme, and could not be accounted for by cross-sectional area reduction.

Reviewing the literature on four materials commonly produced via L-PBF (Ti-6Al-4V, IN-718, 316L
steel, and AlSi10Mg), Kan et al. [241] found that keyhole porosity also tends to not negatively impact
fracture toughness. When it comes to fatigue life, however, keyhole pores were identified as critical
sub-surface defects responsible for early failure. The authors found that in terms of creep and wear
behaviour, while porosity is known to be detrimental to both properties, further research is required

to differentiate the effects of keyhole and LoF pores.

24453 - Gas Porosity

It is inevitable that some amount of gas will be churned into the liquid melt pool. Some of this gas
may originate from within the powder particles, entrapped during its production process. More will
originate from the inert gas found between powder particles in the powder layer. The melting and
evaporation of moisture or oxide layers upon the powder particles can also contribute hydrogen and
other elements that exist as gas within the liquid [242]. Gas porosity, as well as several other types

of pores and defects, is demonstrated in Figure 2.56.

While much of this gas will be ejected from the melt pool due to buoyancy forces, some will remain
trapped, due to the chaotic convective and Marangoni forces within the pool, and the rapid rate of
solidification. The gas that gets frozen into the component will exist as very small spherical pores,
which do not significantly affect to the mechanical properties. In fact, it is found that gas pores are
only even noticeable in near-fully dense samples, due to them being masked by the predominance of

LoF and keyhole pores in more porous samples [243].
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Figure 2.56
SEM images showing a range of pores, cracks, and other defects in 316L steel [244]

2.4.4.6 - Post Processing Mechanical Defects

As mentioned previously, HIP is a very effective post processing technique. Furnaces which
incorporate high pressure inert gas allow a heated component to experience uniform pressure in all
directions, normal to all surfaces (i.e. isostatically). This method, Hot Isostatic Pressing (HIP),
typically exposes L-PBF components to temperatures in the range of 1200°C, and pressures in the
range of 100 MPa, for several hours. Subjected to these external forces, the volumes of pores, cracks,
and other such internal defects can be significantly reduced as the component is very-slightly
compacted, undergoing plastic deformation. It must be noted, however, that any defect which makes
contact with an external surface will be unaffected. Coating or encapsulating components before
HIP can effectively transform external-touching defects into fully-internal defects, counteracting this

issue [245].

Kluczynski et al. [246], working with 316L steel, applied 1150°C and 100 MPa for 3 hours, and
achieved porosity reductions of 65% and 78%, when sectioned samples were viewed in the YZ and
XY planes respectively, as compared to the as-built samples. It was found that the mechanical
properties of samples that were processed with low enough energy density to cause LoF porosity,
then underwent HIP, were similar to the properties of those that were built fully dense. XCT images

showing the before-and-after are shown in Figure 2.57.
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Figure 2.57
XCT images of the XY planes from Kluczynski’s 316L steel samples, before (top) and after(bottom) heat
treatment [246]

Experimenting with IN-718, Tillmann et al. [247] identified 1150°C, 100 MPa and 4 hours as an ideal
parameter set for HIP. As-built density was measured as 99.87% - 99.91%, while after HIP the
density rose as high as 99.998%. The authors noted that, in cases where inert gas has entered the
pores of the component, achieving 100% density is effectively impossible, due to the increase of

pressure exerted internally by this high-temperature gas.

2.5 - Factors Affecting the Build

This section provides a comprehensive overview of the decisions and considerations that a designer
or technician must make, when executing an L-PBF build. They will be grouped into the following
categories: the component geometry; the laser parameters used during building; the supports and
anchors built alongside the component; the strategies to manage thermal and residual stresses

during the build; the type of powder used; and the setup of the machine and build chamber.

Due to the interdependent nature of this analysis, where every factor affects every other factor,
constraints are required to keep the size of this section manageable. Firstly, only the alloys being
experimented upon in this project will be considered: IN-718 and ABD-900AM. Secondly, since the
experimental sections of this project are focused on interpreting data from in-situ monitoring, and
therefore will not involve any post processing methods, these will not be included in this review

section.

25.1 - Part Geometry

Components fabricated via L-PBF have the potential to showcase detailed intricacy that would be
difficult to achieve with traditional manufacturing methods. At the same time, careful consideration
must be paid to the geometries that a machine is being asked to produce. Attempting to produce fine
or unusual features without proper planning will likely result in either defects or an outright failed
build.
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25.1.1 -Thin Walls

Herzog et al. [248] found that the minimum thickness with which a thin wall section can successfully
build depends upon the wall’s length, and whether the wall was supported at its ends. As the length
of unsupported sections increased from 10mm to 25mm, the minimum thickness with which they
could be fabricated fell from 300um to 200um. In all cases where walls were too thin to be
fabricated, the first layer failed to bond to the baseplate, and all subsequent layers had nothing to
bond to.

Wu et al. [249] managed to achieve even thinner results, by building walls that were each just one
scan vector thick. It was found that the minimum thickness limit is determined by the width of the
minimum melt pool that does not result in severe LoF porosity or delamination between layers. For

IN-718, this minimum was found to be 107 + 10um. These results are shown in Figure 2.58.
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Figure 2.58
Wu’s comparison between the CAD wall thickness and: the built thickness (circles), and the AM software’s
intended thickness (triangles) [249]

Pérez et al. [250] conducted a more application-minded investigation into the question of minimum
wall thickness of IN-718. They aimed to find the minimum thickness of walls that a honeycomb
structure could be fabricated with, without degrading its mechanical properties. It was found that,
by using a contouring scan strategy, walls as thin as 150um could be manufactured without the

compressive strength of the honeycomb being significantly compromised.
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25.1.2 - Incline Walls

Fabricating inclined walls with a thickness of 3mm, a width of 20mm, and an intended height of
3omm, Herzog et al. found that overhang angles (i.e. between horizontal and the wall downskin) as
low as 25° were achievable. However, as the angle decreases the roughness of the downskin surface
increases exponentially, rising from an R, of 75um at 80°, to an R, of 400um at 25°. The upskin R,

consistently remained between 50um to 7oum regardless of angle.

Zhou et al. [251] produced SEM images of downskin surfaces of IN-718 walls produced at various
energy densities and overhang angles, to better understand the reasons for this inverse relationship
between angle and roughness. They found that at lower angles, more of the downskin melt pool is
unsupported by solid material below, and therefore more of it seeps into the powder under gravity
and capillary action. This will in turn cause loose powder particles adhere to the downskin surface,
with some particles agglomerating to form balls up to 60oum in diameter, greatly increasing the

surface’s roughness. Zhou'’s 45° results are shown in Figure 2.59.
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Figure 2.59
Zhou found that surface roughness is lowest at mid-range energy density. Results are here plotted for the

45° angle downskin. [251]

2.5.1.3 - Cantilevers

Fabricating a cantilever (i.e. a horizontal beam that is supported only on one side) is a difficult
challenge in layer-wise manufacturing. Herzog et al. attempted to build 5mm wide cantilevers with
various overhangs lengths. It was found that at lengths up to 1imm, the cantilever built as a horizontal
beam as intended. At lengths above 1imm, however, the angle of the cantilever’s underside began
increasing from the intended 0°, towards a notable slope. It was concluded, therefore, that lengths

greater than 1mm require additional supports.
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It should be noted that this 1mm limit refers only to simple cantilever designs: a rectangular beam
protruding into space. Different limits may be possible for different forms of horizontal features that
are only supported at one point. For example, Sit et al. [252] designed a horizontal IN-718 disk, built
upon a narrow rod, as a novel test piece for comparing horizontal downskin roughness of different
laser parameters. They found that overhang lengths of 12mm were achievable without deformation

or porosity, and lengths of up to 18mm were achievable before failure. This disk is shown in Figure

2.60.
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Figure 2.60

Sit’s three-layer thick, disk cantilever, shown here at 6mm diameter [252]

2.5.1.4 - Horizontal Bridges

Horizontal beams supported at both ends are easier to build unsupported. Herzog et al. attempted
to build bridges of smm width, and various lengths up to 5mm, between supporting columns. All
lengths could be built, although above 3mm significant amounts of downskin material became lost,
via the same mechanism that caused downskin angles to develop in the cantilevers. It was concluded

that when a horizontal bridge spans more than 3mm, it should be supported.

This finding is in similar to that of Chen [253], who recommends 4mm as the maximum span of an

unsupported bridge in IN-718, but lower than that of Barale [254], who recommends a maximum

span of 6mm, as demonstrated in Figure 2.61.
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Figure 2.61
Barale’s horizontal bridges. The fourth from the left spans 6mm. [254]
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2.5.1.5 -Narrow Columns

Attempting to build vertical columns with varying diameters, Herzog et al. found that it was possible
to fabricate columns of both 15mm and 3omm height, for diameters of 400um and greater. Below
this diameter, no layers of the column managed to bond to the baseplate. It was noted that, due to
their extreme fragility, all the columns with diameters between 400um and 8ooum suffered from
bending due to the motion of the powder spreader. It was recommended, therefore, that vertical

column should be built with diameters greater than 8ooum.

Znemah [255] also concluded that columns with diameters below 400um were impractical, due to
the fact that scanning a circular path in which the outer edge of the melt track fits into a smaller
space, becomes difficult for most laser parameters. Experimenting with very fine columns of IN-718,
Du et al. [256] managed to build diameters of 150um, but found that the microstructural
heterogeneity of the column’s cross-sections were very significant, suggesting that as-built thin
columns may be structurally weaker than expected due to anisotropy, and the mechanical properties
of narrow sections cannot be extrapolated from larger sections. These results are shown in Figure

2.62.
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Figure 2.62
From Du: (a1, a2) EBSD and SEM images of a pillar built at 60W and 2500 mm/s; (b1, b2) EBSD and SEM
images of a pillar built at 140W and 2500 mm/s; (c1, c2, c3) SEM images of points A, B, and C from (a1);

(d) cooling rate and substructure size at points A, B, and C [256]

2.5.1.6 -Horizontal Holes

Fabricating spherical holes can be difficult or impossible, depending on the hole’s diameter. At larger
diameters, the unsupported downskin at the top of the hole will experience high roughness and
material loss, as in the case of horizontal bridges. At very small diameters, the adhesion of powder

particles to downskin melt pools may significantly block the hole.
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Herzog et al. experimented with three hole geometries: perfectly circular, teardrop-shaped with
downskin angles of 30°, and teardrop-shaped with 45° angle. It was found that, for the circular holes,
there exists no diameter which is both narrow enough to not require supports, and wide enough to
not be significantly affected by powder adhesion. The authors recommended that holes with a

diameter of over 4mm could be built, but that supports were always required. These results are
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Figure 2.63

Herzog’s three shapes of horizontal holes, and how well each matched its target diameter [248]

For the 30° holes, diameters from 1mm to 10mm were built without material loss at the apex. For
diameters above this size, supports were recommended. For the 45° hole, all diameters above the

size of 1mm built successfully, without any supports required.

75



25.1.7 - Non-Horizontal Channels

The ability of AM to produce components containing internal cooling channels is one of its main
advantages. In the case of channels that are curved or at angles that would be difficult to drill, such
components would be completely impossible to produce using conventional manufacturing

methods.

In order to test this fundamental selling point of L-PBF, Kasperovich et al. [257] built a range of
channel diameters (500um, 700um, and 1000um), at different geometries (circular and teardrop),
across a range of angles (0°, 22.5°, 45°, and 90°), in IN-718. This experimental setup is shown in

Figure 2.64.

The results of these tests matched the expatiations that could be drawn from Herzog’s tests discussed
previously. As the intended diameter of the channels increased from 500um to 1000um, the
deviation between the intended channel geometry and the built channel geometry decreased, as
powder particle adhesion and blockage became less of an issue. Similarly, as the angle increased
from 0° (horizontal) to 90° (vertical), the deviation decreased, as the channel roof became more
supported by underlying solids. Also, for the same reason, teardrop channels outperformed circular

channels.
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Figure 2.64

Kasperovich’s two channel shapes, three channel diameters, and four channel angles [257]

For example, it was found that for both the 500um and 700um diameters, all circular channels built
at 0° and 22.5° suffered from blockages. In the case of the 1000um diameter circular channel, as the
angles increased from 0° to 22.5°, 45°, and 90°, the mean equivalent diameter of the built channels
increased from 8o5um to 820um, 952um, and 988um. The authors noted that at 90°, the channels

were devoid of obstructions.

2.5.1.8 - Build Orientation

The previous discussion of the ways in which channel angle can significantly affect build
performance, naturally leads to the topic of ideal build orientation. When positioning a component
upon a base plate, trade-offs must be made between minimisations of: downskin surfaces, build

height, required supports, thermal stresses, staircase effects, and other factors.
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Researchers have developed automated methods to suggest ideal orientations for given geometries.
Qin et al. [258], for example, designed a system that estimated the results of a component being built
at a certain angle, for five factors: support volume, volumetric error, surface roughness, build time,
and build cost. Brika et al. [259] designed a similar system with five factors of consideration, but
substituted volumetric error out, and mechanical properties in, specifically yield strength, ultimate

tensile strength, elongation at failure, and Vickers hardness.

The ability of Birka’s system to estimate the mechanical properties of various components at various
orientations, relies upon the work of authors like Watring et al. [260], who studied the
microstructural and mechanical effects of building IN-718 tensile test pieces at both 0° (i.e. longest
and narrowest face of the piece is flush with the base plate) and 60° (i.e. smallest face of the piece is
contacting the base plate via one edge). It was found that the 0° samples contained more porosity
than the 60° samples (0.23% compared to 0.07%), and demonstrated a greater yield strength (798
MPa compared to 772 MPa).

The authors reasoned that this reduction in yield strength is due to the fact that grains in L-BPF of
IN-718 tend to grow as elongated columns aligned with the build direction. Therefore, when a
component is being loaded along an axis perpendicular to its build direction (as in the case of the
horizontally-aligned tensile piece), the effective width of the component’s grains is less than if the

component were being loaded along its build direction.

2.5.1.9 - Build Height

Each new layer in a L-PBF build introduces another opportunity for delamination to occur, for
swollen parts to damage or halt the powder spreader, or for the machine to fail due to a lack of powder
or some other issue. Also, the time and therefore cost that a build requires, is generally proportional
to its number of layers, as powder recoating in between layers often takes longer than each layer’s
scanning time. Therefore, components should be designed and oriented in a way to minimise the

number of layers required.

It should also be understood, that the microstructural and therefore mechanical properties of
components can differ along their build direction, due to the fact that as a build goes on, and the
build chamber heats up, melt pools experience smaller temperature gradients and lower cooling

rates during solidification.

Wang et al. [261] built dog-bone creep test pieces of IN-718, located 15mm, 52mm, and 87mm from
the base plate. They found that as the build height increased, and therefore the accumulated heat
within the chamber and powder rose, grains became smaller, more columnar, and with more low-
angle grain boundaries. For these reasons, the creep rate of the test pieces increased as they were
built further from the base plate. This progression of grain structure and build height is shown in

Figure 2.65.
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Figure 2.65

IPF maps (top row), band contrast maps (middle row), and misorientation maps (bottom row) of Wang’s
test specimens extracted from the lower (left column), middle (middle column), and upper (right column)
sections of the build [261]

2.5.1.10 - Supports and Anchors

In their review paper on supports in L-PBF, Javidrad et al. [262] identify three scenarios in which
components may require to be supported. Firstly, as discussed previously, supports are necessary to
prevent material loss material loss on overhang structures. The authors suggest, as a rule of thumb,
that any downskin with an angle of less than 45° should be supported. Secondly, supports may be
required to provide structural stability and weight-bearing, especially in components that may
experience large thermal stresses. In extreme cases, both vertical and horizontal support structures
may be required, and must be capable of withstanding both tensile and compressive forces, to
restrain all component movement. Thirdly, support structures may be used to conduct heat out of

the component, and into the base plate, limiting defects due to overheating.

The authors describe a variety of support geometries. The most straightforward support type is the
simple block support, often built as a hollow structure to save time and material (albeit at the cost of
ability to withstand strain). These blocks are positioned close to the component, and connected to
them with points, webs, lines, pins, or cones. Another support type is the lattice, which can provide
superior resistance to strain, with reductions of up to 60% in material usage. More advanced
geometries, such as tree branch or voxel-based systems, are shown to provide benefits in specific

circumstances. Some of these support types are shown in Figure 2.66.
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Javidrad demonstrates three methods of joining a lattice support to a component: the line (a, e), the cone
(b, f), and the pin (c, g). The lattice thickness (T) and gap (G) are shown in (d). [262]

2.5.2 - Parameter Selection

Selecting the optimal laser power, laser speed, hatch spacing, and layer height for a certain geometry
can be a very difficult task. Parameters that are shown to be effective for simple cubes may be poor
for more complex geometries, or for more advanced scanning strategies. Many researchers have
compiled datasets that were appropriate for their components, on their machines, but devising any

universally-applicable system for any future build remains challenging.

Marques et al. [263] compiled a review paper of the interdependent effects of power, speed, hatch
spacing, and layer height, upon the microstructural and mechanical properties of IN-718
components. Because of the non-linear relationship between the parameters, strict trends were

difficult to identify in the data. Some general observations that were made, however, include:

e Higher laser power can result in larger, deeper melt pools, that lower the risk of LoF defects,
but raise the risk of keyhole and evaporation defects. High power can promote coarse and
columnar grains. Lower power can result in LoF, the effects of which are detrimental on
mechanical properties.

e Higher laser speed can result in fine, equiaxed grains, though at the risk of increased LoF.
Lower speed can favour coarse, columnar grains, and higher residual stresses, but at the risk
of increased keyhole porosity.

e Smaller hatch spacing ensures full melt pool overlap, thereby reducing LoF porosity, but at
the cost of increased build time and risks of overheating and defects caused by repeated
remelting. Larger hatch spacing reduces build time, at the risk of LoF.

¢ Smaller layer heights reduce LoF risks, and allow for better feature resolution (due to smaller
staircase effect) and microstructural homogeneity. Greater layer heights reduce build time,

but increase the risk of delamination.
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e Lower linear energy density tends to produce finer equiaxed grains, with reduced chemical
segregation. Higher linear energy density tends to produce coarser columnar grains, with
more anisotropy.

e A linear energy density of 0.3 to 0.4 J/mm appears to result in a fine microstructure and
strong mechanical properties.

e Many authors use the same linear parameters (9g60omm/s speed, 285W power, and 40um

layer height) to achieve full density in their components.

In order to better understand how combinations of parameters may affect a build, it is easier to group
them together rather than attempt individual analyses. Two straightforward examples, which have
been introduced previously in this work, are linear energy density (J/mm) and volumetric energy
density (J/mms3). A more advanced example, the Keyhole Number, was presented in Section 2.4.4
on keyhole porosity. Several other advanced examples, which often present in dimensionless format,

will now be discussed.

2.5.2.1 - Heat Input

Mukherjee et al. [264] defines non-dimensional Heat Input Number as follows:

)
Q =
("=fy,)

where P is laser power [W], V is laser speed [m/s], Pr and Vr are reference values, corresponding to

the lowest energy density used in the build.

Anincrease in Q" is shown to increase both the peak temperature and dimensions of a melt pool, and
decrease the cooling rate. In IN-718, lowering Q" and therefore raising the cooling rate resulted in

suppression of Laves phases in the as-built component.

2.5.2.2 - Peclet Number
In the same paper Mukherjee et al. also states the Peclet Number as follows:

UL
a

where U is the characteristic velocity (laser speed can be used) [m/s], L is the characteristic length

(melt pool length can be used) [m], a is thermal diffusivity [m2/s].

Pe quantifies the relative importance of convection versus conduction in heat transfer inside the melt
pool. At Pe > 1, convective flow is the primary mechanism in transporting energy away from the
point of laser incidence. At Pe < 1, conduction is the primary mechanism. In L-PBF processes, Pe is
usually greater than 10. Pe influences melt pool morphology, which in turns influences porosity and

the solidification process.
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2.5.2.3 - Marangoni Number

Mukherjee et al. also explains the Marangoni Number as follows:

dy LAT
Ma=—- — —
dT ua

where vy is surface tension [N/m], T is temperature [°C], L is the characteristic length (melt pool
width can be used) [m], AT is the difference in temperature between the melt pool’s peak and its edge

(liquidus temperature) [°C], u is the dynamic viscosity [Ns/mz2], a is thermal diffusivity [m2/s].

Ma describes the magnitude of convective forces within the melt pool due to Marangoni forces on its
surface. At higher Ma there is a vigorous circulation of liquid, whereas at lower Ma heat is transferred
primarily by conduction. As with Pe, Ma strongly influences melt pool morphology, which in turns
influences porosity and the solidification process. High Ma indicates improved mixing and a deep
pool, but a too high Ma might suggest melt pool instability or spatter. Figure 2.67 shows the

relationship between Pe, Ma, and heat input.

60 22000

—=—SS 316
—&— Ti-6Al-4V

Ma

-

o F C
~ 50F 8 17000 —A—IN 718
ot - e -
£ | 5
£ 40F £ 12000F
B2 F = -
— E o o
3 f G/e/e/e/e o f
3 30F e Eangii S 7000
e f —6—Ti-6Al-4V| & -
- (a) —A—IN718 = - (b)
20|1||||||||||||| 2000lllllllllll|lll
0.8 1.0 12 1.4 1.6 0.8 1.0 1.2 1.4 1.6
Non-dimensional heat input Non-dimensional heat input
Figure 2.67

The relationship between heat input, and the Peclet and Marangoni numbers, from Mukherjee [264]

2.5.2.4 -Fourier Number

The final dimensionless number discussed by Mukherjee et al. is the Fourier Number, defined as

follows:

F _0(
°=VL

where a is thermal diffusivity [m2/s], V is the laser speed, L is the characteristic length (melt pool
length can be used) [m].

Fo describes the ratio between the quantity of heat that diffuses through a material, versus the
quantity of heat that is absorbed by the material. A high Fo indicates rapid heat dissipation, which

suggests faster cooling and smaller melt pools. A small Fo indicates that, despite large temperature
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gradients, the solidification velocity is slow. Therefore, grain size and morphology can be implied

from Fo. Figure 2.68 shows the relationship between GxR, G/R, and Fo.
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Figure 2.68

The relationship between Fourier number, and GxR and G/R [264]

2.5.2.5 - Normalised Enthalpy
King et al. [222] defines Normalised Enthalpy as follows:

AP

Hy=——
" h,VmaVa3

where A is the absorptivity, P is the laser power [W], a is thermal diffusivity [m2/s], hy is the
volumetric enthalpy of heating [J/ms3], V is the laser speed [m2/s], o is the beam diameter [m].
The volumetric enthalpy of heating is:

h, = pc(T; — To)

p is density [kg/ms3], ¢ is the powder’s specific heat capacity [J/kg/K], Ti is the liquidus temperature
[K], T, is the powder’s ambient temperature [K]

H, is a comparison between the quantity of heat per unit volume that is input into the powder, and
the quantity of heat per unit volume that is required to raise the powder from ambient to liquidus
temperature. Where H, < 1, melting would not occur. At H, = 1, perfect conduction mode melting
would occur, in theory. At very large values of H,, keyhole defects and thermal strain become more

likely. The effects of H, on melt pool depth is shown in Figure 2.69.
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Normalised enthalpy (here labelled AH/h;s) vs normalised melt pool depth (here defined as depth divided by
beam diameter), for beam diameters of 130um (a, b) and 52um (c, d), plotted on linear (a, ¢) and log (b, d)
scales, from King [222]

2.5.2.6 - Normalised Melt Depth

Rubenchik et al. [265] defines the Normalised Melt Depth as follows:

where d is the melt pool depth [m], a is thermal diffusivity [m2/s], o is the beam diameter [m], V is

laser velocity [m/s].

The denominator in the equation is the thermal diffusion depth, a measure of the vertical distance
that heat diffuses while the laser spot traverses above it. By scaling a melt pool’s depth relative to
this thermal diffusion depth, it is possible to compare with d, the geometry of melt pools across a

range of processing parameters and material properties, as shown in Figure 2.70.
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Rubenchik used data from King, but plotted normalised enthalpy against the updated metric of normalised
melt pool depth, for a better fit [265]

2.5.2.7 - Dimensionless Energy

Ion et al. [266] discussed several dimensionless quantities, intended to remain applicable across all

forms of metal laser processing. Dimensionless Energy is defined as follows:

. AP
= TA(T, — Tp)

where A is absorptivity, r is beam radius [m], A is thermal conductivity [J/s/m/K], Ti is the liquidus

temperature [K], T, is the powder’s ambient temperature [K].

g* describes the quantity of laser energy input to the powder, scaled to the melt pool’s ability to
conduct away that energy. At higher q*, heat is being imparted far quicker than it can dissipate into

the component or powder, resulting in a larger melt pool with a higher peak temperature.
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2.5.2.8 - Dimensionless Velocity

Ion et al. also described a Dimensionless Velocity as follows:

where V is laser speed [m/s], r is beam radius [m], a is thermal diffusivity [m2/s].

v* is a measure of laser speed, scaled to the rate at which heat is conducted through the material. At
lower v* values, material in front of the laser spot will experience notable heating before the beam
crosses it. At higher v* values, conduction will not have heated this material significantly. Although
v* does not impart much information about a L-PBF process by itself, this number can be used

alongside q* for cross-build comparison, as demonstrated in Figure 2.71.
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Figure 2.71
Ion collected experimental data _for melt pools that exhibited heating, melting, and vaporisation, and
plotted this on a diagram of normalised energy vs normalised velocity. The regions into which each data
category fit are shown with dashed lines. T,* is a dimensionless measure of the melt pool temperature,
with T,* of 0.6, 1, and 2 approximately signifying the onset of recrystallisation, melting, and vaporisation,

respectively. [266]
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2.5.2.9 - Dimensionless Hatch Spacing

Thomas et al. [267] introduced a new set of dimensionless numbers, building upon the work of Ton
et al. discussed previously. One such number, which is also intended to be used alongside more
meaningful numbers for cross-build comparison, is Dimensionless Hatch Spacing, defined as

follows:
h
h* =—
T

where h is hatch spacing [m], r is beam radius [m].

h* is a better measure for understanding the overlap (or lack thereof) between adjacent scan tracks

than hatch spacing alone, since the width of the laser spot also significantly impacts this factor.

2.5.2.10 - Dimensionless Layer Height

Another similar number defined by Thomas et al. is the Dimensionless Layer height:

where 1 is layer height [m], r is beam radius [m].

I* approximates a melt pool cross section as a rectangle of 2lr, then normalises layer height against

radius and adjusts the constant to better estimate actual melt pool depth.

2.5.2.11 - Dimensionless Volumetric Energy Density

The final and most consequential value introduced by Thomas et al. is the Dimensionless Volumetric

Energy Density, defined as follows:

q" AP 1

E* = =
v* 2Virpc(T; —Tp)

where A is absorptivity, P is laser power [J/s], V is laser speed [m/s], 1 is layer height [m], r is beam
radius [m], p is density [kg/m3], c is specific heat capacity [J/kg/K], T is the liquidus temperature

[K], T, is the powder’s ambient temperature [K].

In practical terms, E* is the ratio of the quantity of laser energy imparted into the powder each
second, versus the amount of energy required to melt the powder that the laser spot passes over each
second. When E* is plotted against the reciprocal of h*, as shown in Figure 2.72, the graph accounts

for enough process and material data to allow cross-experimental comparison.
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Figure 2.72
Thomas complied experimental data, and plotted it on a diagram of 1/h* against E*. The regions of the

E*/h¥),

diagram in which various defects occur are shown. E,* is the product of the two terms (i.e. E,* =

and serves as a benchmark for the amount of energy the melt pool is receiving. [267]

2.5.2.12 - Ambient Temperature

In many of the previous equations, values are required for T,, the estimated temperature of the
powder in the moment before the laser spot crosses it. Ambient workshop temperatures can be used
for this value, although will likely be wildly inaccurate, especially after the L-PBF machine has been

operating for several hours. Phan et al. [268] proposed a more rigorous way to estimate T, as follows:

(o )

where Ty is powder preheat temperature [K], P is laser power [J/s], A is thermal conductivity

0.3P
2nA) (Vt,)? + h?

Vt,)2+h2+Vt

T =
0 2a

pre

[J/s/m/K], V is laser speed [m/s], t: is laser return time [s], h is hatch spacing [m], a is thermal
diffusivity [m2/s].

where L is scan length [m].
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This equation is based upon the Rosenthal Equation, which predicts the temperature field around a

moving heat source. It calculates the midpoint temperature of the next scan, as the laser completes

the current scan.

The ability to obtain an accurate T, value can be of significant value in parameter selection. Phan et

al. describe how using this method of estimating T, can, for example, bring mathematical clarity to

the observation that shorter scan lengths in crack-susceptible builds tend to reduce cracking risk,

due to less extreme thermal cycling.

v* is plotted against q*, using T, in the calculation, in Figure 2.73.
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Figure 2.73

Phan updated the work of Thomas, using a more accurate measure of To. Here experimental data for melt

pools in IN-718 (squares) and SS316 (triangles) is shown, on both linear and log scales, with boundaries

drawn at the expected melting and vaporisation points. Dark shapes show samples with >99% as-built

densities, while grey shapes show <99%. [268]
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2.5.3 - Thermal and Residual Stress Management

Even when building the same component geometry, from the same machine parameters, from the
same powder, differing scan strategies can lead to vastly different outcomes, in terms of surface
roughness, microstructure, residual stress, and even porosity and thermal distortion. Many scan
patterns have been tested by various researchers, with each reporting its own advantages and
disadvantages. As demonstrated in Figure 2.74, Malekipour et al. [269] defines five fundamental

patterns:

1. Unidirectional rastering, in which the laser follows a path like words on a page: unidirectional
vectors in X, stacked to give a direction in Y. Due to the requirement of the laser to turn off
at the end of each vector, and move to the start of each next vector, this method is very time
inefficient.

2. Bi-directional rastering, in which the laser reverses direction each vector, ‘snaking’ its way
across the part. This method is much more time efficient, although there is a large heat
concentration at the ends of the vectors.

3. Spiralling outwards, starting from the centre and reaching the perimeter. The outer contour
allows for better surface roughness, albeit with very significant thermal conditions between
the spiral edge and centre.

4. Spiralling inwards, starting from the perimeter and reaching the centre. This method
exhibits the same advantages and disadvantages as listed previously.

5. Fractal scanning, in which small patterns are repeated, summing to larger versions of the
same pattern, which are repeated to sum to larger versions, etc., until the entire area is
scanned. This method has the potential to offer careful control of heat accumulation, at the

expense of high complexity and build time.

1

Figure 2.74

The five fundamental scanning patterns as defined by Malekipour (a-e), which can be combined into

chessboard sections (f), or stripe sections (g) [269]
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Each of these five fundamental patterns either cover the entire layer, or can be combined into a
chessboard (squares of equal dimensions) or stipes (rectangles of with longer sides) strategy to cover
the layer. The pattern (whether single or combined) can be rotated on successive layers, and the
point about which it is rotated can alternate between layers, to prevent the same points of heat
accumulation existing on each layer in a build. A 67° rotation is often used between layers, as this
number is not a factor of 360°, and results in very little coherence between the vectors in layer N,

and those in layer N+1, N+2, N+3, etc.

Ravichander et al. [270] and Liu et al. [271] each tested a ranges of scanning strategies in IN-718 test
samples, to find the effects on melt pool dimensions and mechanical properties. Some of the patterns
tested were: uni-directional, non-rotating vectors; bi-directional, 90° rotating vectors; bi-

directional, 67° rotating vectors; chessboard squares; parallel stripes.

Ravichander found significant differences in melt pool dimensions between the striped and
chessboard strategy (45um depth and 120pum width, and 79um depth and 14oum width,
respectively). Similarly, the smallest average deviation in cube measurements from the intended
CAD dimensions were observed in the striped strategy (0.7%), while the largest were observed in the
chessboard strategy (1.5%). The chessboard strategy showed the greatest Vickers hardness value
(421.4 HV), however, while the striped strategy showed the lowest (374.1 HV). These results
highlight both the macrostructural and microstructural differences that can accompany differing

scanning strategies, even in geometry as simple as a cube.

Liu found that vectors that spanned the entire layer (whether rotated or not) all showed similar
results in terms of yield strength, ultimate tensile strength, and ductility, while the chessboard

method showed poorer results in each category.

The reason for the chessboard’s poor performance was reasoned to be due to the rapid laser on/off
cycles, and the overlapping of melt pools at square perimeters, both of which led to non-uniform
melt pool morphologies and thermal conditions, which in turn led to high microstructural anisotropy

and micro-segregation.

These findings from Liu et al. highlight the fact that straightforward-sounding ideas (such as using
a chessboard strategy to more evenly distribute heat accumulation) can have unintended and
counterintuitive results. Scan strategies must be experimentally verified, for the specific

component’s geometry and purpose, in order to optimise outcomes.

2.5.4 - Powder

There are three major factors that determine the quality of a powder: Particle Size Distribution
(PSD), powder morphology, and chemical composition. Due to the stochastic nature of GA and WA
powder production, and due to the imperfect conditions in which powders may be transported,

handled, and stored, powders in workshops and laboratories always deviate from the perfect ideal:
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spheres of uniform diameter, free of surface oxides or moisture, and containing the exact atomic

percentages on their data sheets

The extent to which PSD affects mechanical, microstructural, and surface properties, is the focus of
much research. Stegman et al. [272] built components from two IN-718 powders from the same
supplier, one of which had a typical, unimodal PSD (mean particle diameter 29.1um, median
diameter 26.2um), and the other had a wider, bimodal PSD, featuring peaks of both smaller and

larger particles (mean diameter 34.4um, median diameter 33.9um). These PSDs are shown in Figure

2.75.
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Figure 2.75
The cumulative fraction (hollow points) and volume fraction (solid points), of the unimodal powder (blue)

and bimodal powder (red) from Stegman [272]

It was found, across almost all categories tested, that the differences in properties of the components
were negligible. In most cases, the unimodal powder resulted in densities up to 0.2% greater than
the bimodal, while in one sample the bimodal density was 0.25% higher. The length of columnar
grains along the build direction was, on average, 9.2% larger in the bimodal than the unimodal
samples (141.2um compared to 128.2um). The differences in grain widths was not statistically
significant. The bimodal samples were also found to have greater fractions of High Angle Grain
Boundaries. Despite these slight differences in microstructural properties, the differences in

hardness and tensile strength between the two PSDs were not found to be statistically significant.

Attempting to find a linkage between PSD and surface roughness, Sendino et al. [273] experimented
with thirteen different batches of IN-718 powders, all from different suppliers and each with a

o1



different PSD. The average surface roughness (R,) of the as-built components ranged from 6um to
gum, and the maximum roughness (R;) ranged from 4oum to 6oum. A linear relationship was
observed between the R, value, and the mean diameter of particles below Dy, (i.e. the diameter which
is larger than that of 50% of the particles by volume). It was found that the smaller the average sub-
Ds, diameter, the lower the surface roughness, due to the tendency of smaller particles to adhere to
outer surfaces, thereby smoothing them. No relationship was found between R, and the mean

diameter of particles above Dso.

The results of these two suggest that, in order to achieve optimal results in terms of microstructural,
mechanical, and surface roughness properties, using a powder with a wider PSD, skewed towards

the smaller end, may be preferable for builds in IN-718.

As well as PSD, the morphology of powder particles can play a role in determining quality, primarily
by influencing flowability. Ruan et al. [274] demonstrated this effect of morphology by producing
components from two batches of IN-718. The first batch was Gas Atomised (GA), and the second
was created with Plasma Rotating Electrode Process (PREP), a process in which the tip of a rotating
bar of solid IN-718 is melted with plasma, and centrifugal forces fling off molten droplets which

solidify in an inert atmosphere. Images of these powders are shown in Figure 2.76.

The GA powder was found to have a wider PSD, with larger fractions of both smaller and bigger
particles, while the PREP powder had a more uniform PSD. The GA powder was significantly more
porous than the PREP (99.969% dense, compared to 99.999%). The PREP powder demonstrated
better flowability than the GA powder (12.4s for 50g to flow through a standard Hall funnel,
compared to 16s), and had a higher density (4.84 g/cm3 compared to 4.22 g/cms3). The fact that the
GA powder contained more small particles to fill spaces between larger particles, yet still exhibited a
lower density, was reasoned to be due to the fact that its irregular morphology prohibited optimal
packing. The chemical composition of the two powders, and the absorptivity of 108onm laser light,

was determined to be near-identical.

Many of the differences in the microstructural and mechanical properties of components produced
from the two powders, were found to not be statistically significant. The hardness values, ultimate
tensile strengths, yield strengths, elongations at fracture, grain sizes, grain morphologies, and
precipitate contents, were all found to be very similar. One significant difference between the two
powders, was the larger processing window of the PREP. It was found that fully dense samples could
be produced from PREP with a range of 100W to 300W, and 400 mm/s to 1500 mm/s. Full density
was only achieved for GA powder in the range 150W to 300W, and 600 mm/s to 1500 mm/s. The
researchers suggest that the higher flowability and density, and more uniform PSD of the PREP
powder, allows for a more homogenous powder bed, which in turn leads to higher thermal
conductivity and reduced melt pool size and shape fluctuations, and therefore a wider processing

window.
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Figure 2.76

SEM (top row) and optical (bottom row) images of the gas atomised (left column) and PREP (right column)
powders [274]

These results suggest that, as long as powder is spread evenly across a build plate, and optimal laser
parameters are selected for a component, the effects of powder morphology on microstructural and
mechanical properties may be slight. However, using more uniform, more spherical particles from
a more advanced atomisation process (such as PREP), may make the build more forgiving of non-

optimal parameters selections, or poorer powder spreading mechanisms.

The effects of powder recycling on powder PSD, morphology, and chemical composition, and on
component microstructure and mechanical properties, has been the basis of much research. Castillo
et al. [275] ran virgin IN-718 powder through 21 build-sieve cycles, testing a range of properties of
the powder and components at each step. A 53, sieve was used between builds, to remove spatter
and agglomerated particles. In every tested aspect, the effects of repeated build-sieve cycles were

found to be minimal.

The D,o, Dso, and Dy, of the virgin powder were 12.0um, 18.6um, and 30.7um, and of the powder
after 21 cycles were 14.3um, 18.69um, and 31.32um. The fact that smaller particles are being
removed from the powder as the cycles progress, yet the effects on the PSD of larger particles is
negligible, was attributed to the fact that agglomerates remove small particles from the powder, and
are then removed themselves by the sieve. The effects of repeated build-sieve cycles on both the

particle morphology (as measured by Scanning Electron Microscopy) and composition (as measured
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by Energy Dispersive X-ray Spectroscopy), was found to be negligible. These results are shown in

Figure 2.77.
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Figure 2.77
Changes to the PSD of Castillo’s powder is barely noticeable, even after 21 cycles [275]

Although the average porosity, ultimate tensile strength, and yield strength of the components
worsened as the cycles progressed, these changes all fell within the margin of error (i.e. there was
more variation between samples at each step, than there was between the averages of all steps). It
was therefore concluded by the authors that, so long as powders are carefully sieved between builds,

repeated recycling will cause no significant changes to build quality.

It must be noted that repeated recycling can have detrimental effects on powder and build quality, if
sieving is either not performed, or an inappropriate sieve size is used. Rock et al. [276] performed a
similar experiment to that of Castillo et al. described previously, but used a 140um sieve on the IN-
718 powder between builds, to test a worst-case scenario. In this experiment, after 10 build-sieve
cycles, the Dy, increased from 49um to 85um, the oxygen content of the powder increased from

130ppm to 230ppm, and the flowability decreased from 11.3 s/50g to 13.5 s/50g.

2.6 - In-Situ Process Monitoring

This section discusses the various signals that are produced during the L-PBF process, and how these
signals can be collected and interpreted to provide ‘in-situ’ (real time) information about the state of
the build. Each subsection will focus on a different category of in-situ signal, breaking down both

the specific signals within that category, and the ways in which those signals can be analysed. The
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final subsection will explore closed-loop control, the ability of systems to auto-adjust their
parameters based on live signals. The categorisation of signal types used in this section is built upon

the work of Grasso et al. [277].

2.6.1 - Embedded Sensor Signals

All L-PBF machines incorporate some form of sensors, which are necessary for their basic
functionality. Some examples of sensors without which the machines could not operate are: the
chamber pressure sensor (which ensures a positive pressure of inert gas within the build chamber);
the oxygen content sensor (which ensures the laser only activates when the chamber atmosphere
contains below a specified parts per million of O.); and the inert gas flow sensor (which ensures a

steady volumetric flow rate throughout building).

The extent to which real-time data can be extracted from these sensors is limited, and very little
mention of their signals is made in literature. One embedded sensor that has received attention,

however, is the torque sensor on the recoater’s electric motor.

Gallina et al. [278], building in Ti-6Al-4V, demonstrated that by monitoring the current that the
recoater blade draws as it pushes powder across a new layer, geometric distortions in the part could
be detected. Specifically, spikes in the current drawn were shown to indicate that the blade had made
contact with a swollen section of the component. These spikes were detected several layers before
the swelling became significant enough to trigger the motor’s torque overload warning, that would

shut down the machine. Figure 2.78 shows these spikes that were related to defects.
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Figure 2.78
The currents being drawn by the left and right motors during Gallina’s build. The red circles indicate

layers in which defects were identified. [278]
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2.6.2 - Powder Bed Signals

Powder bed signals are those that provide data on the state of the entire bed, usually by imaging it
immediately before, during, or after powder recoating, when the laser is inactive. The following

subsection breaks down the most common techniques used for such imaging.

2.6.2.1 - Photographing The Powder Bed

Scime et al. [279] used off-axis imaging, in the visible spectrum, to search for a range of anomalies
both before and after recoating. Experimenting with three different L-PBF machines from different
manufacturers, the authors utilised side-lighting and low camera angles to produce high contrast
across the bed. Images taken before recoating were used primarily to identify regions of spatter and
porosity, while images taken after were used primarily to identify swelling, incomplete powder
spreading, and recoater streaking. Depending on the machine and the defect being tested for, the
authors found that their off-axis imaging systems detected between 60% to 99% of anomalies

successfully. These results are shown in Figure 2.79 and Figure 2.80.

Figure 2.79
Example images taken of the powder beds for three L-PBF build (a-c) and a EB-PBF build (d) by Scime

[279]

Similarly, Lu et al. [280] positioned a Nikon DSLR outside the viewing window of an L-PBF device
building in 316L steel. The build chamber was illuminated with white LED lights, as a variety of
samples were produced at different energy densities. Images were recorded on the camera
immediately before recoating, and converted into greyscale format with each pixel representing a
trapezoid with sides 1oum to 13um upon the part surface. It was found that pixel intensity could
later be related to pores, as detected by micro computed tomography, with a Pearson correlation
coefficient (a measure of the extent to which two variables are linearly related to each other) of up to

0.78, indicating a very strong correlation. The XCT results are shown in Figure 2.81.
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Figure 2.80
Examples of defects automatically detected on the powder bed by Scime. Note, those labelled (d) and (e)
are not from L-PBF and should be ignored. [279]
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Figure 2.81
Two of Lu’s samples, displaying strong correlations between defects identified via the DSLR (a, ¢), and
defects identified via XCT (b, d) [280]
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2.6.2.2 - Fringe Projection

Fringe projection is a topography measurement technique involving a projector, which casts light
patterns onto a surface, and a camera at a different location, which detects the way the patterns
appear on the surface. By analysing the apparent distortion of the patterns from the perspective of

the camera, it is possible to determine the topography of the surface.

Zhang et al. [281] used fringe projection to monitor the building of a rectangular test piece in IN-
625. By analysing the topography of the build chamber, both before and after recoating, the authors
were successfully able to detect regions of spatter, recoater streaking, part roughness, and porosity.
These defects could then be correlated to machine parameters. For example, the number of pixels
indicating porous surfaces increased from 1.85% to 25.39%, when laser power was reduced from

350W to 230W. A height map of the powder bed is shown in Figure 2.82.
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Figure 2.82
A height map of three samples from Zhang, relative to the mean height of the powder bed. Note how LoF

porosity increases as laser power is decreased. [281]

Kalms et al. [282] also used fringe projection techniques in a IN-718 build, to analyse the powder
bed after recoating with the aim of determining the shape of each printed layer. The detection system
was shown to be capable of measuring the edges of the part to within 10oum laterally, and all
surfaced to within 10um vertically. The authors concluded that the system had the ability of serving

as an early warning system against geometric distortions due to thermal strain or residual stress.

2.6.2.3 - Recoater-Mounted Sensors

Sensors mounted directly onto the recoater blade can very efficiently capture images of the powder
bed, immediately after recoating occurs. Tan et al. [283] retrofitted a consumer-grade sensor from
a Canon document scanner, onto the recoating mechanism of a custom-built L-PBF device. The
system was shown to be highly adept at detecting the topography of the layer, largely owing to the
extremely narrow depth of field of the photodetectors. Building with 316L steel, the system was
shown to be capable of detecting powder bed height changes, representative of swelling, trenches,
and partial recoating, to within 50um. The experimental setup, and an example set of results, are

shown in Figure 2.83 and Figure 2.84, respectively.
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Figure 2.83
A diagram of the document scanner that Tan took the photodetector from, the recoater that it was fastened

to, and an example of the height maps that it produced [283]
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Figure 2.84
Tan’s photodetector identified defects by scanning for regions of powder that were raised or fallen [283]

Barrett et al. [284] also produced a height-map of a powder bed, by fitting a Keyence profilometer
onto a recoating device. This profilometer used a triangulation system, in which multiple sensors
detected the reflections of laser pulses upon a surface, to determine the surface’s topography.
Building with IN-718, the authors positioned the profilometer so that it scanned the surface
immediately before powder was spread. The primary aim of the study was to search for elevated
heights across the regions that had just been lasered, which it was reasoned would correspond to
non-melted powder particles (since melting is associated with a height drop). The system was
capable of detecting all of the regions in samples where the authors intentionally caused LoF porosity

due to low energy density.
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2.6.2.4 - Low Coherence Interferometry

Low Coherence Interferometry (LCI) is a distance measurement technique that involves a light
source that emits with a wide range of wavelengths, known as a broadband. When broadbands
overlap, interference will only occur when the waves are near-perfectly synchronised. This fact can
be taken advantage of, by splitting a broadband beam in two, and allowing one beam to reflect off a
mirror, and the other to reflect off a surface. Only when the mirror and surface are at exactly the
same distance (within <1oum for many broadbands), will strong interference occur. When the
mirror and surface are not at the same distance, either the mirror distance can be altered until
interference occurs, or the returning spectrum can be analysed to determine the phase difference

embedded within, from which the distance difference can be obtained.

DePond et al. [285] utilised the spectral analysis method to create a height map of a 4.4 x 4.4 cm?
section of powder bed, while building test parts from 316L steel. The spectrometer sampled at
100kHz, with datapoints spaced 100um laterally, and with a 25um resolution vertically. The LCI
system was mounted coaxially with the laser beam, and height mapping occurred immediately after
the laser deactivated each layer, before powder recoating. The authors primarily used the system to
find the roughness of each printed layer. The LCI system successfully determined that, for cubes
built with identical scanning strategies each layer, roughness increased by around 1.5um per layer,
due to compounding denudation and LoF porosity. For cubes built with 67° rotation between layers,
however, a steady-state R, of 20um was settled upon after only three layers. The experimental setup

and an example set of results are shown in Figure 2.85 and Figure 2.86, respectively.
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Figure 2.85

DePond’s LCI setup, showing: a superluminescent diode (SLD) as the beam source; the beam in the
reference arm passing through a polarisation controller (PC) and dispersion compensator (DC); the beam
in the sample arm being combined with the processing laser (CM) via a focussing mount (FM); and light
returned from both the sample and reference arms being split by dispersive elements (TG) and collected by
a CMOS camera [285]
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Figure 2.86

Results from DePond’s setup: (a) the bi-directional, non-rotating scan strategy; (b) the bi-directional,
striped, 67° rotating scan strategy; (c) the height map of layer 22 from scan strategy (a); (d) the height
map of layer 22 from scan strategy (b); (e) a graph showing how surface roughness increases with build
layers for the non-rotated strategy; (f) a Fourier analysis of the surface heights of all 26 layers from Cube 1

(scan strategy a), and Cube 2 (scan strategy b), showing the more uniform spread across the latter [285]

2.6.3 - Scan Track Signals

Scan track signals are those that are emitted on the scale of vector, while the laser is active. These

can be categorised into temperature profiles, process by-products, and air-borne acoustics.

2.6.3.1 - Temperature Profiles

High-speed imaging of the powder bed, during laser scanning, can be used to create a superimposed

heat map, in which hot and cool spots can be linked to defects and other regions of interest.

Laguzza et al. [286] mounted an Olympus DSLR outside the viewport of a L-PBF machine printing
316L steel parts, which recorded the powder bed at a frame rate of 3001fps, at a resolution of 1280 x
1024 pixels. All images were recorded in the visible range, using standard, consumer-grade camera

settings. Using k-mean clustering, the authors managed to categorise all pixels from the entire image
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stack into one of four groups: background pixels (not currently being scanned), normal melting,
overheating, and single-point anomalies (such as spatter). A strong correlation was found between
locations within the build that corresponded to overheated pixels, and geometric distortions due to

thermal stress. A sample of these images are shown in Figure 2.87.
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Figure 2.87
A series of cropped images from Laguzza’s experiment. All images are from the same layer, but more data
becomes available for k-means clustering with each added frame. The part being built is a three-legged
strut system. Pixels with temperatures indicating background (no melting) are shown in black, those with

normal melting are shown in grey, and those deemed to be overheated are shown in red. [286]

When recording in the visible spectrum, and if the sample set of images is sufficiently large, linkages
can be made between the colour and intensity of light coming from melt pools, and the quantity of
heat within them. Recording at a single wavelength in the infrared (IR) spectrum allows much more
explicit conversions to be made between light intensity and temperature. Additionally, IR light can

transmit better through smoke and plume, allowing for a clearer image.

Lough et al. [287] used an off-axis IR camera, filtered to 1450nm wavelengths, to record the
production of 304L steel parts through an off-axis viewport. The camera recorded an 80 x 80 pixel
section of the powder bed, corresponding to around 130 um/px, at a frame rate of 2500fps. It was
found that, by tracking both the time that pixels spent above the estimated melting temperature, and
the rate of decrease from their maximum temperature, it was possible to predict whether a location
within a part would experience keyhole porosity, LoF porosity, or dense printing. The authors
concluded that the system had the potential to warn of porous builds in real time, allowing for either

parameter adjustment, or for builds to be cancelled. An example of these results is shown in Figure
2.88.
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Figure 2.88
Results from Lough’s setup: (a) pores identified via ex-situ XCT; (b) features identified by the time their
pixels spent above the threshold temperature [287]

In order to determine the exact temperature of the body emitting IR radiation, the emissivity value
of the body must be known. However, emissivity values are temperature dependent, shifting
significantly for alloys used in L-PBF, as they’re heated from solidus to liquidus and beyond.
Therefore, in order to determine the exact emissivity value of a body, its temperature must be known.
This circular dependency creates a fundamental obstacle for accurate temperature measurement in
AM, forcing many researchers to use trends and comparisons in their work, rather than exact values.
One method of overcoming this issue is to record radiation at multiple wavelengths simultaneously,
which allows for the determination of temperature independent of emissivity, instead using the

intensity ratios of the wavelengths.

Mitchell et al. [288] used two off-axis, high-speed cameras, filtered to 750nm and 9oonm
respectively, to record a 65 x 80 pixel slice (21 um/px) of powder bed during the building of 316L
steel parts. Images were recorded at 6500 fps. The temperature of each pixel in each image was
estimated, over a range of 1100-2800°C. The size, shape, and cooling profile of each melt pool was
then calculated, and compiled into a 3D volume image of the part’s thermal history. It was found
that pores between 3oum and 70um in equivalent diameter could be detected with 54% to 74%
accuracy, and pores with a greater equivalent diameter that 7oum could be detected with 100%
accuracy. Images of an example melt track, and of the identified pores, are shown in Figure 2.89 and

Figure 2.90, respectively.

103



997.0 1531.0
[} [}
v} v}
c c
© ©
5 S
T T
o o
0.0 0.0
Figure 2.89

Mitchell’s two cameras recording the same melt pool: left at goonm, right at 750nm. Note how more detail

from the cooling wake is included at the longer wavelength. [288]
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Figure 2.90
Reconstructed volumes, showing pores identified in Mitchell’s parts: (a) all pores found via XCT; (b) pores
found via XCT that can be linked to anomalies found via the CMOS cameras; (c) pores found via XCT that
can’t. The size of the anomalies shown in (b) and (c) are determined as the contour lines around the peak

temperature (Tp), at both 0.7T,, and 0.1T,. [288]

2.6.3.2 - Process By-Products

Valuable information about the state of the building process can be gained, by analysing the spatter
and the plume that is emitted from the melt pool. These by-products can deflect or absorb laser
energy, can result in contamination on the powder bed, or can indicate process instability or

improper process parameters.
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Yang et al. [289] monitored a build of IN-625 parts with two off-axis cameras, one filtered to a
wavelength of 1.3um to 1.6um, and the other recording in the visible range. By combining these two
imaging systems, it was possible to both identify molten projectiles that were ejected from the melt
pool, and continue tracking these projectiles even if they cooled below solidus temperature. The
authors were able to therefore quantify the amount of spatter landing on the powder bed for each
part, and correlate these measurements to the degradation of mechanical properties, the presence of
pores, and the delamination of layers further along in the build process. Examples of melt track
images, and melt pool analysis, are shown in Figure 2.91 and Figure 2.92, respectively.
.
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Figure 2.91

A comparison of the data recorded by the filtered (a) and visible (b) cameras in Yang’s experiment. Note
how the filtered images contain much richer detail regarding temperature profiles, spatter, and the melt

pool’s wake. [289]

A similar technique to that used by Yang et al., which involves the use of two cameras to monitor the
powder bed, is stereoscopic imaging. This method involves dual cameras, positioned at a small
distance from each other, recording the L-PBF process from slightly different angles. By analysing
the disparity between images taken simultaneously, depth information can be obtained, in the same

manner as occurs for human eyes.
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Figure 2.92
Yang identified spatter particles using a k-mean clustering method on images from the visible range

camera (result on left), and tracked their cooling with the filtered camera (right) [289]

Eschner et al. [290] utilised high-speed stereoscopic imaging in the visible range, to track spatter
particles in during a 316L steel build, as shown in Figure 2.93. The system identified glowing
particles, and determined their velocities and trajectories. It was found that an increase in spatter
velocity can be a valuable predictor of the onset of evaporation within the melt pool, and also used
to estimate the depth of the vapour depression. Therefore, when a certain melting mode is desired
(e.g. steady-state keyholing, with little evaporation and no collapse or height fluctuation), an analysis

of spatter velocity can be a useful tool.
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Eschner tracked the velocity of spatter particles (Uspatter) for various laser powers (P) and laser speeds (Vfeed)

[290]

The previous discussion has dealt solely with spatter. Detecting the vapour plume is also possible
with IR camera technology, as this cloud of ionised gas, vaporised metal, and condensed
nanoparticles also emits IR radiation. Radiation is emitted in the 1um to 10um wavelength band, far
longer than that which is usually filtered for with IR monitors of L-PBF. Also, due to the complex
and non-uniform emissivity of the fast-moving material, an accurate temperature estimation is

extremely difficult.
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Grasso et al. [291] used an off-axis FLIR camera, filtered for 8um to gum, to analyse the melt pool
and plume of a build of pure zinc powder. The camera recorded at 50 fps, at a resolution of 320 x
240 pixels. Images were analysed to separate out three distinct regions: the laser heated zone, the
spatter, and the plume. The area of the plume in each image was determined, as well as a rough
approximation of the plume’s temperature, based on pixel intensities. These two metrics were shown
to serve as valuable proxies for the extent of evaporation and heat accumulation within the melt pool.
Sudden increases in plume area were found to correlate with keyhole collapse, and could even serve
as an early warning sign of part failure associated with extreme overheating. This experimental setup

and workflow are shown in Figure 2.94 and Figure 2.95, respectively.
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Figure 2.94
Grasso’s camera setup, and the 4 in-control (IC) and 2 out-of-control (OOC) parts that were built [291]
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Grasso’s image workflow thresholded the images; extracted and separated the plume, the melt pool, and

the spatter; and sent the result to a k-means clustering method [291]

Another method that can be used to detect the plume, is Schlieren imaging. This technique is used
to visualise transparent fluid flows by detecting small changes in refractive indexes, caused by

temperature, pressure, or density fluctuations.

Bidare et al. [223] used Schlieren imaging at analyse the vapour plume of 316L steel parts, being
built in an argon atmosphere. The authors projected a parallel, high-intensity, rectangular beam
from a tungsten lamp, across the powder bed. The beam was reflected into a high-speed camera,
which was fitted with filters and polariser to block out all laser light, IR radiation from the melt pool,

and any glare or plasma incandescence. By monitoring the plume with this setup, the authors
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managed to track the extent to which the laser was absorbed or deflected by the plume, as well as the
extent of spatter and denudation occurring in and around the melt pool below. These metrics could
then be correlated with porosity and surface roughness in the finished parts. Images of a scan track

are shown in Figure 2.96.
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Figure 2.96
Images from Bidare: heated gas with vaporised iron, rising from a scan track that’s coming towards the

viewing direction, starting at t=oms, at 100W and 500 mm/s [223]

2.6.3.3 - Air-Borne Acoustics

Phenomena that occurs at or below the powder bed surface, such as micro-cracking, spatter impacts,
or keyhole collapse, can result in the creation of pressure waves that transmit through the build
chamber as sound. The sensitivity required to detect these minute waves is beyond the capabilities
of many standard microphones, and so a Fibre Bragg Grating (FBG) is often used instead. This
device consists of an optical fibre, that allows most wavelengths of a broadband source to transmit
through it, while reflecting a very specific wavelength. As mechanical pressure waves impact the
fibre, the strain causes tiny variations in its refractive index, and therefore in the wavelength of light
that is reflected. By tracking these variations in which exact wavelength of the broadband is reflected,

the frequency and intensity of sound waves can be determined.

Shevchik et al. [292] placed an FBG inside the build chamber, while printing 316L steel parts. The
FBG was continuously illuminated by a narrowband laser (1547 + 0.01 nm), which failed to reflect
while the fibre was undergoing strain due to acoustic waves. The reflected signal was sampled at
1MHz, and fed into a machine learning system. Parts were built at one of three scanning speeds, that
resulted in high (1.42%), medium (0.30%), and low (0.07%) porosity. The machine learning system
managed to correctly predict which of the three speeds the acoustic signals were generated from,
with an accuracy ranging from 78% to 91%. The authors concluded that the physical processes
associated with pore formation correspond with distinct acoustic signals, and that these signals, if

correctly interpreted, can provide real-time feedback on build quality.

2.6.4 - Melt Pool Signals

This subsection explores signals which are emitted at the scale of the individual melt pool,

categorised by the metric being extracted from the data.
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2.6.4.1 - Melt Pool Radiation Intensity

A pyrometer is analogous to a single-pixel camera, that is tuned to detect thermal radiation emitted
from hot surfaces. Even basic pyrometers can offer far greater sampling rates and measurement
resolution than most high-end cameras. Pyrometers can be mounted off-axis, as with all the camera
setups described previously, or co-axially, whereby they share the same optical path as the laser, and
are therefore always focussed upon the melt pool, whenever the laser is active. In order to allow co-
axial sensing, the optical path must incorporate a dichroic mirror: i.e. a mirror which exhibits very

different reflectivity and transmission properties, depending on the wavelength of the light.

Forien et al. [293] built samples of 316L steel, with a pyrometer behind a dichroic mirror that
reflected the 1070nm laser wavelength, while transmitting radiation between 1500 to 1700nm. The
pyrometer operated at a 100 kHz sampling rate, and picked up radiation emitted from a spot of
around 635um diameter, centred at the laser’s centre. This spot size ensured that radiation from the
entirety of the melt pool was recorded. The beam position coordinates taken from the galvanometers
controlling the mirror, were recorded simultaneously, allowing for the XY location of each pyrometer

datapoint to be known to within +1opum.

Samples were produced with a wide range of process parameters, and then internally imaged with
XCT to search for porosity. By cross-referencing the pyrometer measurements with the locations of
identified pores, it was found that strong correlations existed. In locations where the normalised
pyrometer value was between 0 and 0.5, there was a 5% chance of a pore being found. In locations
with values between 0.5 and 0.75, there was a sharp increase in the probability of a pore being
present. In locations with values between 0.75 and 1, the chances of a pore being present was 95%.
It was reasoned that the pyrometer system has successfully managed to differentiate between
conduction, transition, and keyhole modes, based on these three categories. These pyrometry results

are shown in Figure 2.97.
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Figure 2.97
Forien’s pyrometry results: as the signal increases from o to 0.5 (here labelled in the non-normalised form
0 to 200), very few pores are found. Between 0.5 to 0.75, a sharp transition in the probability of porosity

occurs. From 0.75 to 1, the probability of finding a pore is 95%. [293]
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As discussed previously, conversion from intensity to temperature is complicated by the circular
dependency of temperature and emissivity, and this complication can be overcome by using multi-
wavelength detectors. Samaei et al. [294] used a dual-pyrometer system to coaxially monitor the
mean temperature of melt pools during the building of overhangs in AlSitoMg parts, with a sampling
rate of 200 kHz, and a field of view with a diameter of 5mm. The system correctly detected the
melting mode of the pool, as with that of Forien et al. [293] mentioned previously. However,
scanning shallow overhang sections, where the lack of solid material for heat to conduct into should
result in higher melt pool temperatures, the dual-pyrometer system consistently reported lower
temperatures. The authors concluded that these counterintuitive measurements resulted from the
fact that all information about the melt pool’s size, shape, and temperature profile is lost to the
pyrometer. In the case of shallow overhangs, where melt pools are hotter but also narrower and
deeper than elsewhere, pyrometry data can therefore be misinterpreted by the analysis workflow as
cooler melt pools. Some pyrometer results from the overhang section, and melt pool

approximations, are shown in Figure 2.98 and Figure 2.99, respectively.
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Figure 2.98

Samaei measured the intensity of thermal emission as a melt pool approached (heavy dashed line) and
retreated from (light dashed line) an overhang edge. Measurements were recorded in terms of:
temperature, as calculated from the dual-pyrometer intensity ratio (TEP); intensity of the 68onm
pyrometer (TEP-low); intensity of the yoonm pyrometer (TEP-high); and a separate pyrometer that
measured in broadband (TED). All results indicated that temperature dropped as the melt pool
approached the overhang edge, which is a counter-intuitive finding. [294]
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A CFD model from Samaei shows how the melt pool morphology changes as it approaches and retreats
from the overhang edge, and how these changes result in the counter-intuitive temperature measurements

[294]

Although less commonly implemented, it is possible to mount a pyrometer off-axis within the build
chamber. Bisht et al. [295] produced Ti-6A-4V parts, while monitoring the process with a single-
wavelength, off-axis pyrometer. The system recorded wavelengths between 1150 to 180onm, with a
field of view effectively covering the entire build platform. The laser XY position was recorded
alongside, which was cross-referenced with the pyrometer readings to produce the coordinates of
points in the build that experienced sudden fluctuations in thermal emissions. These fluctuations
were believed to be the result of pore creation, and parts that incorporated more of them were found
to exhibit lower elongation before failure. Images of the thermal emission fluctuations, and the

resulting defect structure, are shown in Figure 2.100 and Figure 2.101, respectively.

Figure 2.100

Bisht identified several ‘events’in the pyrometer data, here shown in XY for layers 102 to 106 [295]
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Figure 2.101
Bisht assumed that events would be ellipsoid in nature, but for simplicity estimated them as a cylinder,

with a width determined by the maximum event area recorded [295]

2.6.4.2 - Melt Pool Size and Shape

As well as pyrometers, researchers have also successfully mounted full cameras coaxially. This
experimental setup allows for full images of the melt pool to be recorded, with data on the size, shape,

and temperature profile being possible, depending on the camera type.

Kwon et al. [296] installed a high-speed, visible light camera behind a dichroic mirror that
transmitted wavelengths between 450 to 9oonm, while a 1075nm laser produced parts from 316L
steel. The camera recorded at 2500 fps, with a frame size of 512 x 512 pixels, corresponding to a
1omm x 10mm area around the laser’s centre. Each pixel recorded a greyscale intensity, between o
and 255, which was then binarised at a threshold value of 125. The images were used as training and
testing data inside a machine learning system, with corresponding microscopy images that revealed
part density. It was found that, once the system was trained, porosity could be predicted from these
simple binary images depicting melt pool size and shape with an accuracy of between 78% and 93%.
Sample melt pool images, and histograms of intensity results, are shown in Figure 2.102 and Figure

2.103, respectively.
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Figure 2.103

Plotting a histogram of the sum of pixel intensity for each image, in each power, shows a clear

differentiation in Kwon'’s visible light results [296]

As with the off-axis camera setups discussed previously, in order to convert pixel intensity values to
temperatures, IR cameras, or ideally dual-wavelength cameras, are required. Vasileska et al. [297]
mounted a high-speed camera, filtered to record between 850 and 1000nm, behind a dichroic mirror
that transmitted between 400 and 1000nm, while building in 316L steel. The camera recorded at
1200 fps, with resolution of 1280 x 2004 pixels, and a frame size of 4.3 x 4.3 mm=2. By monitoring
the size, shape, and temperature profile of the melt pool, the authors managed to successfully
correlate melt pools that experienced overheating, with regions in the build that exhibited swelling
defects. Since the locations of overheating and swelling were systematic (at sharp part edges and the
last scanned vector), it was theorised that, with more adaptive control systems, process parameters
could be adjusted to correct or mitigate these defects in the layer after they’re detected. The

experimental setup and results are shown in Figure 2.104 and Figure 2.105, respectively.

Hooper [71] installed two dichroic mirrors in a monitoring system, when building in Ti-6Al-4V. The
first lay along the laser’s optical path, and allowed for transmission of the 1070nm laser, while
reflecting off IR radiation emitted from the melt pool, between 450 and 1000nm. The second split
this IR radiation at 80onm, allowed for the transmission of longer wavelengths (which were collected

by a high-speed camera filtered to 950nm), and reflecting shorter wavelengths (which were collected
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by a high-speed camera filtered to 700nm). The cameras recorded at 200,000 fps, with a resolution
of 129 x 128 pixels, corresponding to a field of view of 2.smm x 2.5mm. Melt pool sizes, shapes,
temperature profiles, and cooling rates could be detected with high accuracy. Thermal gradients in
the range of 5 to 20 K/um were recorded, corresponding to cooling rates in the range of 1 to 40 K/ps.
Hooper demonstrated with this system that the beginning and end of scan vectors, as well as turns
in hatching, were more thermally volatile. Cooling rates at overhang section were shown to be
significantly slower than bulk section, due to a lack of conduction. It was concluded that this system,
which exhibited extreme accuracy in both the spatial and temporal domain, held the potential to
precisely detect anomalous melt pool characteristics, and warn against defect creation before

irreversible damage was done to the part. Some example results are shown in Figure 2.106.
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Figure 2.104

Vasileska’s coaxial IR setup [297]
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Figure 2.105
Melt pool areas were calculated, from images recorded during the building of a triangular part, at various
duty cycles (fraction of time that a pulsed laser is active) by Vasileska [297]
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Figure 2.106
Results from Hooper, showing a laser pulse activating, approaching an overhang feature, deactivating,

and its pool cooling. The plume, spatter, and melt pool cooling profile can all be discerned. [71]
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2.6.4.3 - Melt Pool Emission Spectrum

A similar piece of technology to those discussed previously, but one that is used for a distinct purpose,
is the spectrometer. A spectrometer consists of a diffraction grating, which deflects different
wavelength of an incoming broadband radiation off at different angles, and a sensor, in which each
pixel is aligned to detect a specific wavelength. By monitoring the intensity readings of all these
pixels, it is possible to reconstruct the intensity-wavelength spectrum of the radiation being emitted
from the melt pool. Using techniques discussed previously, it is possible to decipher a mean melt
pool temperature from the wide continuum of the spectrum. It is also possible to search for sharp
spikes within the spectrum, which refer to excited electrons falling from one energy level to another
in certain atoms, and to determine melt pool chemical composition from these. Additionally, by
tracking changes in the spectrum over time, it is possible to monitor for melt pool temperature and

morphology fluctuations.

Lough et al. [298] used a coaxial spectrometer to analyse the melt pool emission spectrum, while
building in 304L steel. The dichroic mirror reflected wavelengths below goonm into the diffraction
grating, which deflected wavelengths between 400 to 700nm onto the sensor. It was found that the
strongest signal within the spectrum corresponded with that of chromium (at 520.6nm), and that
monitoring this signal served as a useful proxy for melt pool temperature and geometry. The results

are shown in Figure 2.107.
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Figure 2.107
The emission spectra of Lough’s 316L parts, plotted at various laser powers, and separated into two

wavelength charts, with elemental peaks highlighted [298]

Ziefuss et al. [299] used an off-axis spectrometer setup, to monitor emissions while building in a
neodymium-iron-boron-based alloy. The spectrum was analysed in the 200 to 550nm range. The
authors performed a composition analysis on the powder before building, and compared this to the
spectral analysis obtained during building. It was found that, due to the varying tendencies of
elements to vaporise, the melt pool composition differed from the feedstock composition. Iron

composition fell from 75.4 atomic % in feedstock to 74.0 at. % in the melt pool, for example, while
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neodymium composition rose from 7.5 at. % to 8.7 at. %, as shown in Figure 2.108. These values

were validated by a final compositional analysis of the finished part.
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Figure 2.108
Comparing the iron content (top) and neodymium content (bottom), as measured by Ziefuss’ in-situ
spectroscopy, ex-situ X-ray Fluorescence (XRF), and ex-situ spectroscopy. The green line is the
manufacturer’s specifications, and the blue bar is the experimental confidence interval. The deviations

from the specifications are attributed to the varying tendencies of different elements to vaporise. [299]

2.6.5 - Sensor and Signal Discussion

Over the previous few subsections, various in-situ data-gathering techniques have been presented.
While some of these (such as acoustic monitoring or LCI) stand as separate categories, the majority

can be classified simply as:

e Either cameras or pyrometers
e Mounted on-axis or off-axis
e Imaging in a single spectrum, in dual spectra

¢ In the visible spectrum, the infra-red spectrum, or both

Considering that these techniques account for the majority of in-situ research, and also the
experimental work in this project, a comparative analysis of their strengths and limitations, and the

information that they can and cannot reveal, is warranted.
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2.6.5.1 - Cameras vs Pyrometers

In this context, a camera refers to a 2D array of pixels, capable of transforming incoming light into
electrical signals, to produce a series of images that provides both spatially-resolved and temporally-
resolved data on the L-PBF process. A pyrometer refers to a single-pixel camera, which provides

temporally-resolved data only.

2.6.5.1.1 - Camera Strengths

Cameras can provide 2D (or 3D in the case of stereoscopic imaging) maps of the melt pool, the scan
track, or large section of the powder bed. Melt pool dimensions and temperature profiles can be
calculated from these maps, from which cooling curves can be extracted. They can capture a diverse
range of process dynamics, such as spatter trajectories, plume shape, and even the motion of powder
particles. Depending on user requirements, consumer-grade, off-the-self camera setups can provide

lots of valuable data, without any complex designing or installation.

2.6.5.1.2 - Camera Limitations

The major limitations of cameras, is the processing time and storage requirements for the large data
quantity that is output from the pixel array. Frame rates are often limited to a few kilohertz, at most,
which may be too slow to capture rapid fluctuations in melt pool temperature, and may lead to
motion blur as spatter particles are ejected at high speed, or keyholes fluctuate rapidly. Precise
focusing is required, to tune the array of pixels to capture data from a specific location on the powder
bed only, and plumes or spatter can often pass across the frame as out-of-focus blur. Calculating
exact pixel temperatures can be difficult or impossible, due to the circular dependency of
temperature and emissivity. Additionally, cameras can be very expensive pieces of equipment to

purchase.

2.6.5.1.3 - Pyrometer Strengths

The major advantage of a pyrometer lies in the device’s simplicity. Sampling rates of tens or
hundreds of kilohertz are possible. This very fine temporal resolution can provide a measure of melt
pool temperature that accounts for rapid keyhole oscillations and melt pool instabilities. Pyrometers
are also physically small and simple devices, that are relatively inexpensive, and require only
minimal processing power to function. Should the pyrometer be mounted to maintain focus on the
laser incident spot, the single-pixel nature of the data allows for a robust tracking of the melt pool’s

peak temperature.

2.6.5.1.4 - Pyrometer Limitations

The single-pixel nature of a pyrometer removes all context from the melt pool temperature
measurement. Pool dimensions, spatter, plume, track overlap, and the temperature profile of the
molten alloy, are all lost. As with cameras, the circular dependency of emissivity and temperature
makes the calculation of an exact temperature value difficult or impossible. The alignment of a

pyrometer is also challenging: very small deviations from perfect can cause the device to be focused
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upon the melt pool’s periphery, or the melt pool’s entirety, rather than its centre. Such a deviation

will greatly distort the intensity readings obtained.

2.6.5.1.5 - Overall Comparison

Which type of device is more appropriate for in-situ monitoring will depend largely on the type of
data that is being sought, and whether any financial or process-complexity restrictions apply. Should
an operator require a spatially-resolved understanding of temperature profiles, melt pool
dimensions, or spatter, a camera is necessary. If measuring rapid temperature fluctuations inside
the melt pool is desired, a pyrometer may be the preferred option. In cases where equipment budgets
are limited, but technicians can devote time to proper focussing, a pyrometer could suffice. If more
money can be spent, and either a viewing port pre-exists in the build chamber, or resources can be

devoted to a more complex installation, then a camera may yield better results.

2.6.5.2 - On-Axis vs Off-Axis

On-axis and off-axis monitoring setups each possess inherent strengths and limitations, with the
preferred option depending on the types of signals desired for study. The following discussion deals

only with cameras, since it almost goes without saying that a pyrometer is best mounted on-axis.

2.6.5.2.1 - On-Axis Strengths

The ability of a sensor to track the exact position of the laser incidence spot, allows for much greater
spatial resolution. The Field of View (FoV) for an on-axis camera is typically less than 5mm x 5mm,
centred around the melt pool, which can provide image clarity on the order of 1 um/pixel. This clarity
can result in highly accurate measurements in terms of melt pool dimensions, and temperature
profiles. These are very useful in terms of monitoring the kinds of melt pool fluctuations that

accompany keyhole formation, or lack of fusion porosity.

2.6.5.2.2 - On-Axis Limitations

The major limitation of on-axis sensors is that they can’t provide data on anything outside of the melt
pool’s immediate vicinity. Recoater defects, swelling, track overlap, and track cooling profiles are all
lost outside the narrow FoV. Also, due to the fact that the camera records from directly above the
melt pool, the molten alloy can often be obscured by plume or spatter. Complex optics and precise
calibration are required, in order to split the laser wavelength from the wavelengths of monitoring

interest, and to focus the camera directly upon the powder bed.

2.6.5.2.3 - Off-Axis Strengths

The FoV of an off-axis camera setup is typically much larger than that of an on-axis, with frame sides
usually on the order of 10 to 5omm. This allows for the context of entire tracks or parts to be
recorded, including spatter trajectories, recoater defects, swelling, track overlap, and track cooling
profiles. The fact that off-axis cameras can be simply placed into the build chamber, or even outside

a viewing port, without much complex optics, results in far easier setup and installation.
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2.6.5.2.4 - Off-Axis Limitations

The major limitation of off-axis camera setups is the lower spatial resolution. Since the FoV includes
large sections of the powder bed, resolution is typically in the order of 10 to 100 um/pixel. The melt
pool may only be recorded in low detail, while the majority of the pixels in each saved image may
contain background static, wasting a large amount of processing time and storage. Also, due to the
non-vertical angle that the camera records with, there will inevitably be some perspective issues in
the images, with closer melt pools appearing larger, and with only melt pools within certain regions
if the image being perfectly in focus. Therefore, the restrictions of the camera must be considered

from early on in a build’s design process, if off-axis monitoring is to yield any valuable data.

2.6.5.25 - Overall Comparison

Whether on-axis or off-axis monitoring is preferable, depends on what the user would like to observe.
If detailed melt pool dimensions or temperature profiles are required, on-axis is the better approach.
If defects and details that lie outside the narrow window around the melt pool are needed, or if the
complex optical engineering that is needed to mount an on-axis camera must be avoided, then off-

axis might be the more appropriate choice.

2.6.5.3 - Single Spectrum vs Dual Spectra

In this context, single spectrum refers to light that has been filtered to a single band of the spectrum,
whether narrow (in the case of cameras fitted with a bandpass filter), or broad (in the case of of-the-
shelf cameras that record in the visible range). Dual spectra refers to light that has been split into

two different bands, to be recorded on different sensors.

2.6.5.3.1 - Single Spectrum Strengths

The major advantage of a single spectrum sensor (whether a camera or pyrometer), is that the optical
requirements of the system are significantly reduced, and only one sensor is needed. In contexts
where money, time, or a technician’s time is limited, a single spectrum setup may be the more
economical and robust solution. Additionally, data processing and storage costs are significantly

lower when only one sensor is recording.

2.6.5.3.2 - Single Spectrum Limitations

As discussed in detail in a previous subsection, a single spectrum cannot accurately calculate
temperature, due to the circular dependency of temperature and emissivity. When every pixel in a
camera assumes a constant emissivity, regardless of whether it is pointing at liquid or solid,
temperature estimations be off by several hundred degrees. Also, should a sensor be tuned only to
one single spectral band, it can be difficult to decide upon an appropriate band: pixels tuned to
spectra that can detect the lower range of liquid temperatures, may become saturated near
vaporisation temperature; and pixels tuned to spectra that can detect near-vaporisation

temperatures without saturation, may not be able to detect lower liquid temperatures as well.
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2.6.5.3.3 - Dual Spectra Strengths

The two-colour pyrometry method, in which a point’s temperature can be calculated by comparing
the intensity ratios between two pixels recording it at two different wavelengths, bypasses the need
for emissivity values. This allows for accurate temperature measurements, that can be compared
across experimental setups. The danger of saturation is also lower, as wavelength bands are often

chosen to be removed from each other on the spectrum.

2.6.5.3.4 - Dual Spectra Limitations

The major drawback to dual spectra setups is the cost, complexity, and requirements for precise
calibration. Beam splitters and multiple filters are needed, and, considering that each pixel on a
camera sensor must be mapped to the same pixel on the corresponding sensor, positioning must be
exact. The processing and data storage complexity also doubles, when builds are recorded with two

sensors instead of one.

2.6.5.3.5 - Overall Comparison

Unlike the other categories being discussed, where different approaches are more suitable depending
on circumstances and desired output, in the case of single versus dual spectra, there is a very clear
superior. Being able to monitor the build (whether via camera or via pyrometer, whether on or off-
axis) in dual spectra allows for more accurate temperature calculations, and reduces the risk of pixel
saturation. It is only the increased cost and complexity associated with a dual spectra setup, that

may make it the less appealing option.

2.6.5.4 - Infrared vs Visible

The types of phenomena that are detectable in the visible range of the spectrum (400 to 700 nm),
versus those detectable in the infrared range (700 to 1400 nm), can be drastically different. Careful
consideration must be made, when choosing a spectral band. This discussion is again tailored

towards cameras, as pyrometers can be assumed to be filtered to infrared.

2.6.5.4.1 - Visible Strengths

A wide variety of processes inside the L-PBF chamber are visible to the human eye, and therefore
visible to an off-the-shelf camera sensor, with no spectral filtering. Melt pool dimensions, hot
spatter, plume intensity, and the movement of powder particles, are all detectable within the visible
spectrum, whether via incandescence, reflection of light, or distortion of light due to refractive
differences in gases. With side-illumination of the powder bed, visible light cameras can

simultaneously detect melt pool dimensions, and recoater defects.

2.6.5.4.2 - Visible Limitations
The greatest limitation with visible range camera setups is the lack of temperature data. While melt
pool dimensions can be implied from the sharp incandescence difference between solid and molten

metal, the temperature profile of liquid within the melt pool is largely unknown. Pixels tuned to
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visible light are also highly susceptible to saturation, with all those within the melt pool boundaries

jumping to maximum intensity.

2.6.5.4.3 - Infrared Strengths

The major advantage of a narrowly-tuned infrared spectrum camera is that, even with a single
spectrum setup, temperature values can be estimated from intensity quite straightforwardly (or
exactly calculated, for a dual spectra setup). Thermal gradients and cooling profiles can then be

extracted from the images.

2.6.5.4.4 - Infrared Limitations

Only objects that emit a significant quantity of thermal radiation, within the infrared spectrum, are
observable. The majority of the powder bed appears to the sensor as a void, as does the plume, and
spatter that has cooled. The optical requirements of an infrared setup are more complex, with
specific bandpass filters being required. Selecting a spectral band that can detect near-liquidus
temperatures, while also not becoming saturated at near-vaporisation temperatures, in not a trivial

task.

2.6.5.4.5 - Overall Comparison

Which spectral band is more appropriate for in-situ monitoring depends largely on what features are
required to be observed. Should a height map or defect distribution of the powder bed be desired
then visible light is required. Should a measure of melt pool dimensions be needed, then visible light
would suffice. If any kind of reliable temperature data is wanted, however, then infrared light, tuned

to a carefully considered wavelength, is necessary.

2.6.6 - Sub-Layer Signals

In the following subsection, the few signals that can reveal the state of sub-surface processes will be

discussed.

2.6.6.1 - X-Ray Computed Tomography (XCT)

Due to their ability to penetrate solid metal, X-rays can be used to probe in-situ, sub-surface
dynamics in the L-PBF process. The mechanisms through which X-ray production, focussing,
absorption, deflection, and detection can be used to monitor sub-surface features, will be discussed
in more detail in the following chapter, where X-ray techniques used in this current work will be

explored.

Leung et al. [300] transmitted a 55KeV X-ray beam through a chamber building Invar 36 powder,
recording images at 5100 fps, to capture a 2D video of melt pool development, with a pixel size of
6.6um x 6.6um. The aim of the experiment was to determine the effects of powder oxidation on melt
pool dynamics. It was found that iron and nickel oxides altered the Marangoni convection, reversing

it from flowing outwards across the pool surface (in virgin powder), to inwards (in heavily oxidised
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powder). This inwards flow results in deeper melt pools, and more entrained gas pores. The study
highlights the need for careful manufacturing, handling, and storage of powder, to minimise oxygen
exposure. Example images of melt pools, and the effects of oxides on Marangoni flow, are shown in

Figure 2.109 and Figure 2.110, respectively.
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Figure 2.109

XCT results from Leung: (a) scan track with virgin powder; (b) scan track with oxidised powder; (c)
zoomed region from (b), showing pore coalescence and migration by the centripetal Marangoni convection
(white arrows); (d) another zoomed region, showing pore growth promoted by oxide films (yellow circles)

[300]
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Figure 2.110
Leung’s illustration of how an oxide film can change Marangoni convection from outwards (centrifugal) in

virgin powder, to inwards (centripetal) in oxidised powder [300]

Calta et al. [301] used a 24keV pulsed X-ray source, transmitting bursts of 22ps, to monitor melt pool
dynamics as lasers scanned solid plates of 316L steel, Nickle 400, 6061 aluminium, and Ti-6Al-4V.
The authors tested the plates under various atmospheric conditions, including near-total vacuum,

ambient-pressure argon with extremely low oxygen, and ambient-pressure argon with 13,000 ppm
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oxygen. The relationship between laser power and vapour depression was found to be significantly
altered for each alloy, depending on the processing atmosphere. It was reasoned that at reduced
pressures, as boiling temperature and therefor melt pool surface temperature is reduced, surface
tension increases, leasing to lower melt pool aspect ratios. Also, the presence of oxygen in the
atmosphere was found to significantly reduce surface tension, therefore leading to higher aspect

ratios. These results are shown in Figure 2.111 and Figure 2.112.
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Figure 2.111
XCT results from Calta, showing the effects of both laser power and atmosphere on keyhole morphologies.
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Figure 2.112
Results from Calta: (b) melt pool lengths across various laser powers at two different atmospheres; (c) the

pools’depths; (d) the aspect ratios; (a) the method used to measure these dimensions. [301]

Paulson et al. [302] transmitted a 25keV beam through a chamber building in Ti-6Al-4V, to a

detector recording at 30,000 fps, for a pixel size of 1.97um x 1.97um. Simultaneously, an IR camera

was used to record average melt pool temperature. The researchers aimed to link the thermal history
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of a scan vector, to its likelihood of forming keyhole porosity. It was found that temperature
instability, especially when temperatures start high, dip, and then increase, is very likely to indicate
keyhole porosity. The authors conclude that this kind of knowledge about the implications of IR
thermal data, can be used to gather implications about sub-surface processes. The experimental

setup and results are shown in Figure 2.113 and Figure 2.114.
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Figure 2.113

Paulson’s experimental setup, with IR and XCT recording simultaneously [302]
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Figure 2.114
Example XCT images from Paulson, showing the melt pool (orange), the keyhole (green), small pores
(pink), and large pores (yellow) [302]
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2.6.6.2 - X-Ray Diffraction (XRD)

XRD refers to the process of determining crystal structure, phase, strain, and orientation of a crystal

lattice, by measuring the manner in which x-ray beams passing through it is diffracted.

Schmeiser et al. [303] used XRD to monitor the lattice spacing of IN-625 during building. By
comparing spacing in the X and Y directions to a stress-free control lattice, the authors managed to
track both transverse strain and building direction strain, over the course of a build. It was learned
that strain states change continuously during manufacture, with complex stresses, alternating
between compressive and tensile, forming around the melt pool. It was found that the interplay of
thermal contraction, and the fact that yield strength increased as material cooled, caused the greatest
strain to exist around 30o0um below the build surface. Stress and strain measurements from this

experiment are shown in Figure 2.115 and Figure 2.116, respectively.
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Figure 2.115
Stress difference, calculated as transverse direction (TD) minus build direction (BD), plotted as a function

of layers below the top, for various temperatures, from Schmeiser ‘s resuts [303]
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Figure 2.116
Strain, 26 layers (approximately 300um) below the top surface, in the transverse and build directions, in

four different locations, as the melt pool progresses across them. From Schmeiser. [303]
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2.6.6.3 - Solid-Borne Acoustics

In Section 2.6.3, the creation of mechanical vibrations was discussed, in terms of these vibrations
being transmitted through the inert atmosphere and detected by sensors within the build chamber.
These vibrations are also transmitted through the underlying solid material, and can be detected by

sensors embedded underneath the baseplate.

Eschner et al. [304] embedded a piezoceramic sensor (a highly sensitive strain gauge that converts
pressure waves into electrical current) underneath the build plate during manufacture of 316L steel.
Data was sampled at 4 MHz, and fed into a machine learning algorithm in an attempt to interpret
the acoustic signatures of melting, vaporisation, solidification, and keyhole pore formation. The
model was shown to be 85 to 88% effective at determining part density when tested on the same part
geometry that it had been trained on, although this accuracy fell to 56 to 61% when a novel geometry
was presented. The authors note the risk that, rather than learning the acoustic signatures associated
with thermal defects, the machine may have actually learned the signatures associated with certain
process parameters. They caution that this is a common risk in using machine learning with L-PBF

data. The experimental setup and results are shown in Figure 2.117 and Figure 2.118, respectively.
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Figure 2.117

Eschner’s experimental setup, with the piezoceramic sensor embedded below the build chamber [304]

2.6.6.4 - Baseplate Deformations

As well as monitoring mechanical vibrations permeating through the build plate, it is also possible
to monitor strain and deformation in the plate, which can be related back to thermal processes in
manufactured component. Hehr et al. [305] developed a ‘Smart Build-Plate’, with embedded fibre
optic sensors, which can determine the extent of strain exerted upon it, by monitoring light
transmitted through it. This device was tested in the building of 6061 aluminium components, which
were deliberately designed to undergo delamination cracking during the build. By monitoring the
strain exerted on the base plate, the authors managed to identify delamination cracking as it

occurred, and even successfully specified which regions of the base plate were hosting the parts
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undergoing cracking. The ‘Smart Build-Plate’ and strain results are shown in Figure 2.119 and Figure

2.120, respectively.
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Figure 2.118
The piezoceramic output current of one layer from Eschner, after a Fourier transform has been applied, to
identify the intensity of each frequency component. Nine components were built in the layer, with acoustic

differences between them clearly visible in the diagram. [304]

Figure 2.119
A schematic of Hehr’s ‘Smart Build-Plate’ (a), and the fibre optic sensors that are embedded into it (b) [305]
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Figure 2.120
Hehr’s results: (a) a heatmap showing strain across the build plate; (b) the strain vs fibre position graph
that the heatmap is derived from, with a line to indicate background strain as a result of thermal expansion

[305]

2.6.7 - Closed Loop Control

Closed loop control, in which defects are detected in-situ and process parameters are automatically
adjusted to either correct, mitigate, or prevent propagation of these defects, is the current end-goal
of alot of L-PBF research. The topic is extremely broad and intricate, and only a brief overview will
be presented here. The two most significant obstacles to the development and implementation of
closed loop control are the processing time required for defects to be interpreted from in-situ data,
and the high complexity and non-linearity of the parameter-result relationship inherent to L-PBF.
As a result, many researchers attempting close loop control currently only attempt for automatic

adjustment of one or two process parameters [306].

Wang et al. [307] used a high-speed, coaxial pyrometer to detect melt pool thermal emissions, while
building with Ti-6Al-4V. The data was fed into a machine learning system, designed to interpret
signals from over-heating, LoF porosity, swelling, and balling. The system responded to these
signals by scaling the laser power, between 100 to 500W, updating the power at a rate of 1 kHz. The
authors managed to eliminate each of the aforementioned defects in the controlled parts, and
observed significantly less geometrical deviation in these than in the uncontrolled parts. It was noted
that the PID controller and pyrometer used in this study cost less than $50 to purchase, and that the
system could be installed as a self-contained unit, without the need for a computer. Images of the
uncontrolled and controlled parts, and a height map comparison of these, are shown in Figure 2.121,

Figure 2.122, and Figure 2.123, respectively.
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b)

Weng’s uncontrolled results: (a) swelling and denting are evident across the entire part, and as the vertical

scan vectors become shorter, significant over-melt occurs; (b) a constant laser powder (orange line) results
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Figure 2.121

in large deviations of Thermal Emission Index (TEI) [307]

b)

o Thermal Emission Index (TEI)
E 1 % t £ 3}

g

In-situ Monitoring Data for the Control Case

300
250
~rri " ; " AL 200 S
______ Senes $ Target TEI H
R T s €
T WA A i
100 _,
A 50
0
0 200 400 600 800 1000
Time (ms)

Figure 2.122

Weng’s controlled results: (a) the part exhibits far fewer defects; (b) a variable laser power results in a

steady TEI [307]
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Figure 2.123
Comparing height maps for Weng’s results: (a) uncontrolled at 100W, showing significant balling; (b)
uncontrolled at 200W, showing significant swelling and over-melting; (c) controlled, with power varying

between 100 and 200W, showing very few defects [307]

Nabhr et al. [308] monitored the building of Ti-6Al-4V with an off-axis IR camera, recording at 10 fps
at a wavelength of goonm. The system aimed to identify heat accumulation in the parts, and adjust
laser power on the subsequent layer to compensate. When control was implemented, a more
constant temperature profile was realised across all parts. This was confirmed by the transition of
tempered martensite in the uncontrolled parts, to acicular martensite in the controlled parts, which
indicated consistently high cooling rates and uniform temperatures. The experimental setup and

results are shown in Figure 2.124 and Figure 2.125, respectively.
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Figure 2.124

Nahr’s experimental setup (a); the flow chart outlining the closed-loop that corrects the laser power, in
order to achieve a target radiation emission (b); an example layer, showing how the recorded image

(greyscale) is transformed into vectors with adjusted power to match the target (c) [308]
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Figure 2.125
A comparison of Nahr’s uncontrolled part (red) and controlled part (blue) microstructure [308]
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Wenger et al. [309] monitored the building of 316L steel parts, with a coaxial, dual-wavelength
pyrometer setup, that tracked mean melt pool temperature. Uncontrolled parts were found to
exhibit a wide range of defects, such as cracking, delamination, balling, and porosity. A real-time
control system was installed, with the aim of adjusting the laser power in order to keep the melt pool
temperature within a target range. The authors found that this approach successfully reduced
defects, and allowed for more uniform heat accumulation, when the controlled and uncontrolled
parts were compared via off-axis IR video recording. A schematic of the control system’s delay is

shown in Figure 2.126.
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Figure 2.126
A schematic by Wenger, showing the delay between the location at which the temperature is sampled

(green dot), and the location at which control is implemented (red dot) [309]

As can be seen from the previous few studies, all of which are very recently published at the time of
writing, closed loop control is still in its infancy. Laser power is adjusted in each of the previous, in

order to meet the fairly simple benchmark of mean temperature.

It is theorised that someday, much more adaptive and multivariable control will be possible.
Lhuissier et al. [310], through the kind of XCT imaging discussed previously, demonstrated that
keyhole pores left behind in one track, can be filled in by liquid feeding from adjacent tracks or
subsequent layers. The authors found that L-PBF can be an “inherently self-healing process”, should
the correct machine parameters be selected. Someday, advanced control systems may be able to
detect most or all defects, and adjust not only laser power, but also speed, hatch spacing, scan
strategy, and layer height, in order to fix these defects, resulting in near-perfect components, first

time, every time.
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2.7 - Literature Review Conclusions

Having reviewed literature on the wide range of topics presented previously, some clear questions
arise about the predictive value of in-situ monitoring, the challenges of building defect-free, and the
limitations of L-PBF.

Despite numerous dimensionless numbers being derived to predict the likelihood that any given set
of machine parameters will result in defects, experimental data routinely shows unpredictability and
wide margins of error. Much further work is required to better understand the how the fundamental
mechanisms inside the melt pool can be controlled by the settings available to technicians and

engineers.

While numerous papers describe significant progress in translating in-situ signals into valuable
information on build quality, defects, and microstructure, a common problem remains amongst the
majority of studies: they require equipment too expensive and specialised, or rely on geometry too
simplified, to be relevant to most industrial processes. While researchers may be able to detect pores
and phases in cubes, using multiple, state-of-the-art IR cameras, and data fed into advanced machine
learning algorithms, these insights would be of little practical value to smaller workshops being

commissioned by clients to produce unique and complex components.

Further work is therefore required to bridge this gap. Research is required to better understand how
a single wavelength, in-situ monitoring device, that is within the budget of smaller production
facilities, can reveal useful information about a complex-geometry build. Such work will involve

several subsets of projects:

e The extent to which monitoring device setup affects the results it outputs needs to be
evaluated. A camera is of limited use to a workshop if it requires expert-level calibration
before each build, in order to make its images accurate.

¢ The possibility of bypassing emissivity, and being able to distinguish liquid from solid based
on pixel-intensity values alone, needs to be investigated.

¢ Linkages need to be drawn between the data that in-situ monitoring devices output, and a
wide range of microstructural and mechanical properties, by cross-correlating camera images

with data from modelling, optical microscopy, SEM, EBSD, and hardness testing.

Providing this missing linkage, between that which is possible in high-end research laboratories
using cutting-edge monitoring devices, and that which is possible to smaller manufacturing

workshops with limited budgets, is going to be the focus of the experimental work in further chapters.
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3 - Experimental Methods

This chapter details all of the materials and equipment used in the experiments in this work, and

discusses some basic characterisation performed on the powders.

3.1 - Powder Alloys

Two nickel-based superalloys were experimented upon in this work: a generic version of Inconel-
718, and ABD-900AM. These materials were chosen for their respective statuses within industry as
a proven standard, and as a novel and promising new alloy. The particle size distribution, particle
morphology, and flowability of both powders were measured before testing began. The results of

these measurements, and all other relevant and available data, will be discussed here.

3.1.1 - Powder Sources

As explained in the Literature Review, Inconel is a trademark of the Special Metals Corporation, the
successor of the company that originally created the 718 alloy. The powder used in this experiment
was purchased from Carpenter Additive, the AM-focussed business unit of Carpenter Technology
Corporation. Carpenter Additive manufactures and sells their 718 alloy under the trademark
PowderRange. For the sake of simplicity, the alloy will continue to be referred to as IN-718
throughout this work. All experimental work performed with IN-718 in this project was done with

Batch No. 63134, purchased in April 2021.

ABD-900AM is a chemical composition developed by Alloyed, a UK company that uses a
computational framework (Alloys By Design) to formulate new alloys for specific purposes. The
powder was produced by French metal manufacturer Aubert & Duval. All experimental work
performed with ABD-900AM in this project was done with Batch No. MC19155_0SS11001,
purchased in 2020.

It is understood that this duration of storage time may have resulted in powder oxidation.

3.1.1.1 - Chemical Composition

Table 3.1
The composition (weight %) of the IN-718 batch

Nickel 52.3 % Iron Balance
Chromium 18.9 % Niobium + Tantalum | 4.92 %
Molybdenum 3.10 % Titanium 1.01 %
Cobalt 0.1% Aluminium 0.53 %
Manganese 0.02 % Silicon 0.04 %
Copper <0.1% Carbon 0.03 %
Nitrogen 0.01% Oxygen 0.02%
Phosphorus 0.015 % Sulphur 0.001 %
Boron <0.001 %
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Table 3.1 shows the composition (in weight %) of the IN-718 batch, as per the datasheet that
Carpenter Additive supplied with the powder.

Niobium and tantalum are listed together, as per industry standards, since they are atomically near-

identical, and thus difficult to clearly distinguish via characterisation methods.

Table 3.2 lists the ABD-900AM powder’s composition (weight %), as per the datasheets supplied by
Aubert & Duval alongside the batch.

Table 3.2
The composition (weight %) of the ABD-900AM batch

Nickel 49.70 % Cobalt 20.17 %
Chromium 16.98 % Tungsten 3.15 %
Titanium 2.31% Aluminium 2.09 %
Molybdenum 2.08 % Tantalum 1.52 %
Niobium 1.82 % Oxygen 0.0124 %
Nitrogen 0.00934 % Carbon 0.0482 %
Boron 0.0044 % Zirconium <0.005 %

3.1.1.2 - Physical Composition

According to the supplied IN-718 datasheet, the Dio, D50, and Dy, diameters of the batch were 21.7um,
35.9um, and 57.8um, respectively.

According to the supplied ABD-900AM datasheet, 1.88% of the powder (by volume) was measured
by sieving to have a diameter of >53um, and 2.52% of the powder was measured by laser diffraction

to have a diameter of <15um.
All of these values were verified in-house via laser diffractometry, using a Mastersizer 3000.
The workflow of the Mastersizer 3000 is as follows:

1. A sample (approximately 5g) of powder is suspended in water inside the machine.

2. Alaser beam is passed through the particle cloud

3. The extent of laser scattering depends on the particle sizes (smaller particles scatter at larger
angles)

4. Detectors analyse the scattering pattern, and infer the PSD from it

The machine returns results in the form of diameters, ranging from 0.01um to 3500um, divided into
100 bins, spaced on a logarithmic scale, and the percentage of total powder volume that each bin

contributes. The machine assumes spherical powders, with a uniform refractive index.

The test was repeated 5 times with a sample of IN-718 powder, and 5 times with a sample of ABD-
900AM powder. No IN-718 particles were found with diameters smaller than 11um or larger than
153um, and no ABD-900AM particles were found with diameters smaller than 9 um or larger than
135 um. The PSD histograms of both powders are plotted in log space (as mean values, with error

bars showing standard deviations) in Figure 3.1.
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The mean particle volume fractions of each powder were plotted as cumulative volumes (in linear

space), as shown in Figure 3.2.
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The cumulative volume distribution of the powders, as tested in-house
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Based on the previous curve, the D,o, D50, and Dy, diameters of the IN-718 were determined to be
23.8um, 36.8um, and 57.2um, respectively. These values vary from those reported on the datasheet
by 9.7%, 9.0%, and 1.0%, respectively. This was considered to be an acceptable error, that likely
arose from the tendency of particles to segregate by size during a powder’s handling. From the curve,
the Dio, D50, and Dy, diameters of the ABD-900AM was found to be 20.4um, 36.2um, and 54.6um,

respectively.

Neither the IN-718 nor the ABD-900AM datasheets contained information on average particles
sphericity. In-house tests were carried out to produce a circularity distribution for both powder
batches. Powder was cold-mounted in an epoxy resin puck, inside the Struers CitoVac vacuum
curing device. After curing the puck was ground and polished to an OPS finish (explained in Section
3.4.3), and viewed with non-polarised optical microscopy. Three images, each 874um x 874um

(7950 pixels x 7950 pixels), were taken of the powder particles.

A MATLAB code was written to analyse the images. The greyscale images were normalized (to set
all pixel values between 0 and 1), and a threshold value of 0.5 was selected to isolate particles from
background resin. For the small number of images, this visual-inspection method was considered
more appropriate than the Otsu method, or other such more-repeatable methods. Using the in-built
regionprops function, the areas and circularities of all particles were identified. Those with areas
below 1000 pixels were ignored, to remove non-particle speckles and anomalies, and histograms
were constructed from the circularities of the particles that remained. This workflow is
demonstrated in Figure 3.3. It should be noted that in cases where multiple particles were either
bonded together, or otherwise appeared to be touching in the optical image, they would have been
counted as a single particle, with a larger area and lower circularity than is correct. It was decided
that, since the circularity values were being calculated as a sense-check, and would not be used
elsewhere in this project, investing the time to write a MATLAB script to rectify this would have been
unnecessary. 2,146 IN-718 powder particles, and 1,421 ABD-900AM powder particles, were
identified for analysis. Histograms of each powder’s circularity distribution are shown in Figure 3.4.
The mean circularity was of the IN-718 was 0.73, with a standard deviation of 0.21. The mean
circularity and standard deviation of the ABD-900AM was 0.68 and 0.18, respectively. These results
suggest that both powder batches were rendered slightly non-spherical by the gas atomization

processes. The circularity equation used was:

2

C_4T[A 1 0.5
= -5

where C is circularity, P is perimeter, and A is area.

Although it would have been possible to also measure particle areas from the microscope images,
and therefore construct a histogram of sizes, it was decided that an estimate of PSD obtained this

way would be of little value compared to those obtained from the laser diffraction method previously,
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considering the sectioning bias inherent to imaging powder particles embedded in resin. It was
understood that methods exist to compensate for this sectioning bias (e.g. Higginson et al. [311]),

however were considering unnecessary to apply given the accuracy of the laser diffraction method.

Figure 3.3

Example images from IN-178 (left column) and ABD-900AM (right), showing: raw images from the

microscope (row a); the images binarised (row b); and regions of less than 1000px removed (row c)

139



25

mIN-718 mABD-200AM

20
S
a
© 15
t
m
(=N
k=]
g 10
B
e
Lo

| I I
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Circularity
Figure 3.4

A circularity histogram of the powders, showing the percentage of overall particles within each bin

A Hall flow meter is a standardized device, consisting of a funnel with sides 30° off the vertical, and
a 2.5mm orifice at the bottom. A powder’s flowability is often reported in terms of the time it takes
for 50g of it to flow through the funnel. The datasheets supplied with the powders reported the Hall
flow of the IN-718 to be 14 s/50g, and of the ABD-900AM to be 12.79 s/50g.

These value was experimentally verified, using an in-house Hall flow meter. 50g of the powders were
poured into the funnel, with a latex-gloved finger blocking the orifice. In the case of the IN-718, it
was found that after the finger was removed, no powder would flow until the funnel was given a firm

tap with a spanner. After this, all powder flowed through, as shown in Figure 3.5.

In the case of the ABD-900AM, 2 spanner taps were required for every test, possibly due to the
powder’s slightly lower circularity and smaller particle size. The first caused a single column of
powder, with roughly the diameter of the orifice and extending up to the powder’s surface, to flow
through. The second was required to get the rest of the powder to flow. With practice, it became
possible to tap the funnel as soon as the initial column stopped flowing, making the disruption to the

flow minimal.
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Figure 3.5
IN-718 powder flowing through the Hall Flowmeter

The test was repeated three times for each powder. For the IN-718, the 50g flowed (from the spanner
tap to the funnel emptying) in: 13.51s, 13.70s, and 14.09s. This gives an average flow rate of 13.77
s/50g, with a standard deviation of 0.24 s/50g. For the ABD-900AM, the 50g flowed (from first
spanner tap to funnel emptying) in: 11.49s, 11.48s, and 11.40s, resulting in an average Hall flow of
11.46 s/50g, and a standard deviation of 0.04 s/50g. These average values were 7.7% larger and
10.4% smaller than the datasheet values, for IN-718 and ABD-900AM, respectively.

The difference between the reported and experimental values is assumed to be an issue of equipment
setup. Since the value will not be required further in this project, the discrepancy is not considered

important.

3.1.1.3 - Thermo-Physical Properties

Carpenter Additive does not report a solidus and liquidus temperature for IN-718. Special Metals
Corporation, the current owners of the Inconel trademark, list the alloy’s solidus and liquidus
temperatures as 1260°C and 1336°C, respectively. Aubert & Duval list the solidus and liquidus
temperatures of ABD-900AM as 1305°C and 1380°C, respectively. None of these values were verified

in-house.

The IN-718 datasheet listed the apparent density (i.e. the powder’s density, including the air gaps
between powder particles) as 4.12 g/cm3. The ABD-900AM datasheet listed the apparent density as
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4.34 g/cms. Both of these listings followed the ASTM B212 [312] method, which requires that the

powder flow freely from the aforementioned Hall flow test funnel, and not be compacted or tapped.

Both of these values were experimentally verified in-house, according to the standard procedure.
The cylindrical container used had an internal diameter of 27.7mm, and an internal height of
40.9mm, was filled with powder. Once filled via the Hall funnel, the top of the container was scraped
level with a metal ruler, and was placed on a weighing scales. In the case of IN-718, after taking the
137.8g mass of the container into account, the powder inside was found to have a mass of 104.5g, as

shown in Figure 3.6.

Function
Mode

Figure 3.6

The mass of non-compacted IN-718 powder, inside the cylindrical container, being measured

The mass of the container of powder was measured twice more in this manner (105.3g and 102.8g),

to give an average mass of 104.2g:

104.2g

X (27.72mm

> = 0.00424 g/mm3 = 4.24 g/cm?3
) x 40.9mm

In the case of the ABD-900AM, the average mass was found to be 108.0g (from 108.7g, 109.6g, and
105.78):

108.0g

X (27.72mm

> = 0.00439 g/mm3 = 4.39 g/cm3
) X 40.9mm

These flow rates are 2.8% and 1.2% greater than the values reported in the datasheets, for IN-718
and ABD-900AM respectively. The differences between the datasheet and experimentally verified

values are assumed to be a matter of powder packing density. The experimental values of 4.24 g/cms3
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(£ 0.06 g/cm3) for IN-718, and 4.39 g/cm3 (+ 0.04 g/cms3) for ABD-900AM, will be used throughout

this work.

3.1.2 - Powder Handling and Storage

Neither of the two batches of powder used in this project were unused when experimentation began.
Both tubs had been in use for at least one year. It is uncertain how many times powder was taken
from each tub during this time. What is known, is that both before this work began, and during this
work, every time powder was taken from either tub, the University of Sheffield’s standard procedure

for powder use and reuse was followed:

1. The L-PBF machine hopper, build chamber, and overflow container are thoroughly cleaned
from previous usage

Powder is poured from the tub into the hopper

A build is run, and powder gets moved through the chamber and into the overflow

After the build, any powder remaining in the hopper is poured back into the tub

Powder in the chamber and overflow is collected, and sieved with an appropriate mesh size

The sieved powder is returned to the tub

N oo W

The tub is sealed and returned to a low-humidity storage room

For the two powders used in this project, a 53um sieve, designated for use with Ni-based powders
only, was used before and during the work. The silica gel sachet that the powder manufacturer’s
included in the tubs to absorb moisture, remained in the tubs throughout the project. The

effectiveness of this pouch five years after its production was undetermined.

3.2 - L-PBF Machine

The L-PBF machine used in this project was designed and manufactured by Aconity3D, a German
company that specialises in user-configurable devices, allowing workshops and research institutes
to add on sensors and similar customisations. The model is the LAB, which was purchased by the
University of Sheffield from Aconity3D in 2017. The datasheets supplied during purchase list the

major specifications of the LAB as follows [313]:

e Build platform diameter - 170mm

e Maximum component height - 200mm
e Maximum laser power - 400W

e Minimum layer thickness - 10um

e Maximum laser speed - 4000 mm/s

e Laser wavelength - 1070nm

e Nominal laser spot size - 8oum
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The laser is an Ytterbium-doped (Yb) fibre, manufactured by the American company IPG Photonics.
The scan head (galvanometers and controls) are manufactured by the German company Raylase.

The beam profile is Gaussian, with a focal range of -18mm (below base plate) to +8mm (above).

The laser profile datasheets supplied with the system list the widths (defined as the distance at which
intensity is 1/e2, or approx. 13.5%, of the peak) of the focus levels for a 100W beam as shown in Table

3-3-

Table 3.3

The laser spot size, at various focus levels

Focus Level Width in X WidthinY
+ 4mm 126.2um 124.9um

+ 2mm 78.7um 85.2um
omm 58.8um 68.8um
-2mm 83.3um 95.6um

- 4mm 134.2um 143.3um

All of the builds in this project will use a focus level of omm. 70um will therefore be assumed as the

laser diameter, in both X and Y.

The LAB uses a soft blade recoater, with polymer lips. In the workshop at University of Sheffield,
argon is used as the shielding gas. The system ensures that the oxygen level is below 2,000ppm at
all times when the laser is active. Oxygen levels of around 100ppm are standard during builds. The

machine runs on the AconitySTUDIO software.

As input, AconitySTUDIO takes ‘Instruction List Table’ (.ILT) files, which describe the required laser
powers, speeds, positions, and focuses for each vector in each layer in a build. In this project, these
files were created using Netfabb, a L-PBF design software created by the American company
Autodesk. The 2022, 2023, and 2024 versions of the software were used throughout the works, with

the differences between these being largely cosmetic.

The LAB is shown in Figure 3.8 and Figure 3.7.

3.3 - Thermal Camera

The LAB is equipped with a thermal camera system, that was designed and fitted in-house. Creating
the optical system, calibrating the camera, and developing MATLAB scripts to process the images,
required an inter-disciplinary team of researchers from University of Sheffield’s School of Chemical,
Materials and Biological Engineering (CMBE), School of Mechanical, Aerospace and Civil
Engineering (MAC), and School of Electrical and Electronic Engineering (EEE).
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3.3.1 - The Camera Setup

The CMOS camera attached to the LAB is designed and manufactured by the Japanese company
Hamamatsu Photonics. The model is the C11440-42U30, which features a 2048 x 2048 pixel
resolution, at a pixel size of 6.5um x 6.5um. The camera uses a periscope lens, consisting of six
optical elements, incorporated into the lid of the build chamber. The camera observes the build plate
from a near-vertical perspective, offset from the build direction by 15°. The sensor’s exposure time
is set to 1ms. The maximum frame rate that the camera can record at increases, as the frame height

decreases, as shown in Table 3.4.

Figure 3.8 Figure 3.7
An image of the Aconity3D LAB, showing the The Aconity3D LAB from the side

laser unit, the thermal camera, and the build

chamber (with blue viewing port)

Decreasing the frame height further will not increase the frame rate further, as it is not possible to

record more than 1000 frames per second with an exposure time of 1ms.

The rows of pixels that are removed from the frame, as the height shrinks and the frame rate
increases, are taken from the top and bottom of the frame equally (i.e., the frame’s centrepoint

remains unchanged).
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Table 3.4

The frame dimensions and maximum recording rates

Frame Width [pixels] Frame Height [pixels] Max. Frame Rate [fps]
2048 2048 100

2048 1024 200

2048 512 400

2048 256 800

2048 128 1000

Three filters are placed between the build chamber and the camera:

A bandpass filter (Thorlabs FL905-10), which blocks all light other than that at 9o5 + 2nm
[314]. Acquiring only one specific wavelength is vital to the intensity-temperature
conversion, which will be discussed in this section. 9osnm sits in the Near-Infrared (NIR)
portion of the electromagnetic spectrum, so this type of camera setup may be referred to in
literature as a NIR camera. The filter does not perfectly block light outside go5nm, but rather
exhibits a narrow transmission window, that peaks at 905 + 2nm, and drops off on either
side. The Full-Width Half-Maximum (FWHM) of this transmission window (i.e. the distance
from the peak at which transmission falls to 50% of the peak) is listed as 10 + 2nm.

A Neutral Density (ND) filter (Thorlabs NENIR510B), which uniformly reduces the intensity
of all incoming light by 90% [315]. The purpose of this filter is to protect the sensor from the
very high intensity of light that a melt pool can emit, and to prevent the pixels from becoming
oversaturated.

A short-pass filter (Thorlabs FESH1000), which blocks all light above 1000nm [316]. This
filter adds an extra layer of safety, to ensure that none of the extremely high-power laser light

(1070nm) reaches the camera sensor.

The camera is connected to a dedicated PC, and is controlled using the HCImageLive software that

is included with the purchase of a Hamamatsu camera.

The camera can be focused by rotating a gear fitted between it and the build chamber lid. Doing so

raises or lowers the height of the camera above the lid, and therefore the height of its focal plane

relative to the base plate. Since the camera is offset from the build direction by 15°, rotating the gear

also adjusts the focal plane in the Y direction (further into or out of the build chamber). Combined,

the result is a line of the base plate being in-focus, lying across the base plate (X direction), that

moves forwards or backwards as the gear is rotated. The thermal camera is shown in Figure 3.9.
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Figure 3.9

A close-up view of the thermal camera, and attached optics inside the build chamber

It was found that, in order to achieve best focus for a build, the following steps should be followed:

1.

Ensure that the base plate is level with the build chamber, and the polymer lips of the powder
recoater.

Scratch very fine lines into the centre of the base plate with a knife, aligned in the Y direction.
Turn on the camera and HCImageLive software, and turn the exposure time to 1 second.
Position a desk lamp with an incandescent bulb (which will emit a wide range of visible and
infrared light) above the base plate.

Turn the focusing gear, and observe the focal line move up and down the length of the
scratches.

Focus the camera to have the midpoint of the on-screen frame in focus.

3.3.2 - Intensity to Temperature Conversion

The camera and software save images to the PC hard drive in the form TIF images, composed of

arrays of 16-bit unsigned integers. Each pixel value in the image refers to the light intensity

experienced by its corresponding pixel in the camera sensor. Converting the pixel values from

intensity to temperature is a non-trivial process, requiring mathematical relationships between the

two, calibrated specifically for IN-718.

The first step in developing these relationships, was to record the gosnm wavelength light emitted

from a black body furnace (i.e. no reflection, emissivity value of 1), between the temperatures of

800°C to 1500°C. Planck’s Law describes the relationship between the temperature of a black body,

and the radiance it will emit at different wavelength:
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where I 1 is the spectral intensity [W/sr/m3] at wavelength A [m] being emitted from a blackbody at
temperature T [K], h is the Planck constant [J/Hz], c is the speed of light [m/s], and kg is the

Boltzmann constant [J/K].

Plotting It from wavelengths 100 nm to 100 um, for a few different temperatures, results in the
graph shown in Figure 3.10.
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Figure 3.10
The spectral intensities of various black body temperatures, across a range of wavelengths, from Tec-

Science [317]

By extracting spectral intensity data for exactly 9osnm, it was possible to construct a calibration
curve linking intensity values measured by the camera pixels, and temperatures, assuming a black
body. Once this calibration curve was applied to pixel values, it was found that the camera could

accurately determine temperature, within +10°C, up to 1744°C.

In order to correct for the emissivity values of an IN-718 melt pool, a IN-718 sample was polished to
a mirror finish, to simulate the effect. The surface was then heated in an inert gas environment, with
radiometers calibrated to 9o5nm used to determine the surface’s emissivity at that wavelength, at

temperatures close to those present in the melt pool. An emissivity value of 0.2128 was determined.

By applying this emissivity correction to the black body intensity-temperature calibration curve, it
was found that the true temperature at which accuracy falls away is 2125°C, far above the melting

range of IN-718.
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Once this mathematical relationship was constructed, to convert pixel intensity values to
temperatures, specifically calibrated for IN-718, a MATLAB script was written to apply this
conversion to every pixel in the raw TIF images. It was assumed that, considering the chemical

similarities between the two, the script designed for IN-718 would also be applicable to ABD-900AM.

3.4 - Metallographic Preparation

Much of the ex-situ analysis performed in this project required mirror-flat surfaces before
characterisation could begin. Preparing a component from the state it exists in immediately after
being removed from the build chamber, to the state required for characterisation, involves some or
all of the following steps: removal from the base plate, sectioning to view internal surfaces, mounting
in a Bakelite puck, grinding and polishing to a mirror finish, and etching to reveal microstructural
detail.

3.4.1 - Removal from Base Plate

Depending on the extent of heat accumulation and residual stress that is expected in a component
geometry, it may be possible to build it entirely upon supports that touch the base plate with very
minimal contact area. In this case, components may be removed from the base plate, without causing
any additional strain or damage, with gentle taps from a hammer and fine chisel. In cases where
such supports are not possible, components will need to be removed from the base plate with

specialised machinery.

It is possible to remove components with a bandsaw, CNC milling machine, laser cutter, plasma
cutter, or waterjet. At the Mechanical Workshop at the University of Sheffield, an Electrical
Discharge Machining (EDM) wire cutter is used to remove components. The device is model

AQ400L, from the Japanese machining and tooling company Sodick.

Cutting on the AQ400L removes about 3mm of material, which must be accounted for in the design
of the geometry. The finish left by the EDM wire is far superior to the surface quality of an as-built

component, but also far inferior to that required for characterization.

3.4.2 - Sectioning

After a component is removed from the base plate, it often must be cut into smaller sections before
being mounted in Bakelite. All sectioning work in this project was carried out on the Secotom-50, a
precision, table-top, cutting wheel machine, from Struers. Cuts were performed with a 0.76mm
thick, stainless steel blade from the Buehler. The cutting speed and spindle speed of the machine
were altered each time the machine was used, and often throughout individual cuts, in order to

maximise cutting speed, while keeping the motor load below 25%.
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3.4.3 - Mounting

In order to fit into the grinding and polishing machines, any component that is not deliberately
designed as cylinder with a diameter of 32mm and a height of around 20mm, will need to be mounted
in Bakelite (or a similar plastic or resin). While cold mounting is possible (as described in Section
3.1.1), hot mounting is preferred for all but the most fragile components, as this method requires a

few minutes rather than many hours.

All hot mounting performed in this work took place on the SimpliMet-1000 hot mounter from
Buehler. After a component is placed (surface of interest down) into the mounter’s cylindrical
chamber, and around 100g of Bakelite pellets are poured in on top of it, the chamber is sealed, and
29 MPa of vertical pressure is exerted on the contents, at temperatures reaching 180°C. After 2
minutes of heating, and a further 4 minutes of cooling, the puck and encased component is removed

from the chamber.

In cases where the components being mounted were intended to be viewed only under the optical
microscope, standard, non-conductive Bakelite pellets were used. In cases where conductivity was
required, because SEM or EBSD (discussed in detail in this section) was intended, conductive
Bakelite pellets, which contain metal powder, were used. In cases where a sample was mounted in
non-conductive Bakelite, and it was later decided that conductivity-requiring characterisation was
desired, a paint containing silver particles could be applied externally to the puck, to retroactively

implement conductivity.

3.4.4 - Grinding and Polishing

In order to transform the as-built, EDM, or sectioned surface into the mirror-like quality required
for most characterisation, it must be ground and polished. An AutoMet-250 from Buehler was used
for both grinding and polishing in this project. This device holds up to six samples, in the form of
32mm cylinders, against a rotating pad of 254mm diameter. Stuck to the pad, either magnetically
or by sticky adhesive, is a grinding paper or polishing cloth. The following machine parameters are

all controllable:

e The speed of rotation of the pad

e The speed of rotation of the six-sample holder

e The direction of the six-sample holder rotation (with or counter to the pad)
e The force with which each sample is pressed into the pad

e The duration of the operation

e The positioning and flow of a lubricating water tap

Designing an appropriate grinding and polishing route for a given experimental setup involves a lot
of trial and error. The steps required will depend on the alloy, and the exact types of grinding papers

and polishing liquids being used. Often, it is only once the final polishing steps are performed, that
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it will be realised that an error was made earlier, resulting in deep scratches being left in the surface.
As a general rule, before a technician can move on to a finer grit, the component should be viewed
under an optical microscope, at an appropriate resolution, to ensure that all scratches are uniform

and aligned.

After much experimentation, it was found that the grinding route outlined in Table 3.5 worked well

for both materials used in this project, with the equipment available at the University of Sheffield.

Table 3.5
The grinding route used in this project
Grit Dso [um] | Pad Rot. Holder Rot. Applied Time [min] | Water | Repeat
Speed [RPM] | Speed [RPM] | Force [N]
P60 260 150 60 10 1 Full X3
P120 127 150 60 10 1 Full X3
P240 | 65 150 60 10 1 Full X3
P400 | 35 150 60 10 1 Full X3
P800 | 21.8 150 60 10 1 Full X3
P1200 | 15.3 150 60 10 1 Full X3
P2500 | 8.4 150 60 10 1 Full X3

Generally, as-built surfaces required the full treatment outlined in Table 3.5, while EDM surfaces
could begin from the P120 step, and sectioned surfaces could begin from the P240 step. All grinding
papers were purchased from company MetPrep. All sample holder rotation direction was counter to

the pad rotation direction.

This grinding route was followed by the polishing route, outlined in Table 3.6, using diamond

suspensions, Oxide Polishing Solution (OPS), and water.

Table 3.6
The polishing route used in this project
Liquid | Pad Rot. Holder Rot. Applied Time Water Repeat
Speed [RPM] Speed [RPM] Force [N] [min]
3um 300 60 20 8 Min. X1
- 300 60 20 2 Full X1
1um 300 60 20 8 Min. X1
- 300 60 20 2 Full X1
OPS 300 60 20 10 Min. X1
- 300 60 20 10 Full X1

Again, all sample holder rotation was counter to the pad rotation direction. Immediately after the
final step in this route, samples were submerged in beakers of isopropanol, and placed inside an
ultrasonic bath for several minutes, to remove any remaining polishing liquid embedded on their

surfaces.
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3.4.5 - Etching

Etching refers to the selective corrosion of different features on a sample’s surface. Due to
segregation during solidification, it is likely that separate phases, grain boundaries, and cell
boundaries all have slightly different chemical compositions. By subjecting the surface to chemical
solutions which dissolve certain compositions more than others, it is possible to make certain

features much more prominent in characterisation.

Determining which chemical etchant is best for revealing which features in which alloys, plus finding
a suitable method and duration for applying the etchant, is an extremely complex process, likely to

involve a significant amount of trial and error.

After a period of trial and error with the chemicals and equipment available in the University of
Sheffield laboratory, it was found that Glyceregia (three-parts hydrochloric acid, two-parts glycerol,
and one-part nitric acid) revealed melt pool boundaries, grain boundaries, and sub-grain cell

boundaries, in sufficient detail for characterisation.
After the Glyceregia mixture was created in a fume cupboard, the following procedure was enacted:

1. Swab the sample surface with a cotton ball damp with Glyceregia, for X number of seconds

2. Immediately dunk the sample in a beaker of isopropanol, and swirl for a few seconds

3. Remove the sample from the fume cupboard, and view the surface under an optical microscope
4.

If the features are not yet visible, repeat from Step One

The duration X of the swab decreased upon repeats, usually from 10, to 5, to 2, then to 1 for all further

swabbing.

3.5 — Microscopy

The following microscopy methods were used throughout this project:

3.5.1 - Optical Microscopy

In order to detect porosity, melt pool boundaries, grain boundaries, and sub-grain cell boundaries
sized in the range 102 um to 10° um, optical microscopy is often both sufficient, and the most
straightforward characterisation method. The optical microscope used in this project was model
BX51, designed and manufactured by the Olympus. The microscope’s motorised stage, and the
software used to control the entire system, were produced by Clemex. The BX51 is equipped with
four interchangeable lenses, allowing for easy switching between 50X, 100X, 200X, and 500X
magnification. All images produced on the microscope were analysed with custom-written MATLAB

scripts. These scripts, and a variety of others, are available to download on GitHub.
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3.5.2 - Electron Microscopy

In situations where optical microscopy cannot provide the detail required, either because features
are too small or light cannot detect them, electron microscopy can be a solution. Inside an electron
beam device, an electron gun generates a stream of high-energy electrons, which accelerate from a
filament (such as a tungsten wire or crystal), past a positively charged anode, and through a series of
electromagnetic lens which direct the beam towards the specimen inside a vacuum chamber, striking
its surface as a focussed spot with a diameter of several nanometres. As electrons strike this spot
they penetrate into the specimen, interacting with the atoms in a tear-shaped volume that extends
below the surface, called the interaction volume. Detecting both the backscattering of these
electrons, and the emission of secondary electrons from the interaction volume, allows for the

imaging of microstructural features through SEM and EBSD.

3.5.3 - Scanning Electron Microscopy (SEM)

The SEM used in this project was the Inspect FEI F50. The working distance, acceleration voltage,
magnification, dwell time, spot size, and step size were all varied throughout this project, depending
on the exact surfaces and features being imaged. All of these values will be reported each time an
SEM image is presented in further sections. All SEM images produced in this project were analysed
with custom-written MATLAB scripts.

3.5.4 - Electron Backscatter Diffraction (EBSD)

All EBSD work conducted in this project was performed at the Henry Royce Institute at the
University of Manchester, facilitated by Dr Jack Donoghue. The SEM device used was an Apreo C,
made by Thermo Fisher. The device was equipped with the Symmetry S2 EBSD detector, running
on AZtec 6.1 software, from the British company Oxford Instruments. The accelerating voltage,
working distance, step size, and other such parameters from the images will be laid out in later

chapters.

All EBSD image analysis was carried out with a combination of AZtec 6.1, custom-written MATLAB
scripts, and the MTEX MATLAB toolbox.

3.6 - X-Ray Computed Tomography

The two methods of microscopy discussed previously involve the bombardment of a surface with
light (optical microscopy), and the bombardment of a surface with electrons (SEM/EBSD/EDS). A

further methods exist, involving the transmission of electromagnetic radiation through a sample.

X-Ray Computed Tomography (XCT), which involves the transmission of X-rays through a sample,
is a very effective, non-destructive characterisation method of detecting pores, cracks, density

variations, inclusions, grain structures, and even dislocations inside metal specimens.

153



The underlying fundamentals behind the kind of XCT facilities used to analyse metal samples, are
the same as those behind the X-ray machines used to scan medical patients; and just as rotating an
X-ray scanner around a human inside a CT scanner allows for multiple 2D images to be combined
into a 3D map of their body, so too does rotating a metal sample inside a XCT facility allows for a 3D

map of features.

As an X-ray passes through a metal sample, there are two primary mechanisms which may disrupt
its passage to the detector on the far side: absorption and scattering. Absorption occurs when an X-
ray’s energy is transferred into the sea of free electrons, through excitation of electrons into higher-
energy orbitals. Therefore, more absorption occurs in samples with greater electron sea densities,

which may arise from higher atomic numbers, tighter-packed crystal lattices, or lower porosities.

Scattered X-rays are deflected from their paths, whether through elastic scattering (whereby an
electron-photon interaction alters the X-ray’s direction but not frequency) or inelastic scattering
(due to the electron absorbing some of the X-ray’s energy, both the direction and frequency in
altered). In both cases, the deflected X-ray may go on to impact the detector at an unexpected

location, thereby causing scatter noise artefacts.

After reconstruction (the process of combining multiple 2D XCT images into a 3D map), each voxel
inside the volume is assigned an intensity value, determined by the ease with which the X-rays passed
through its space. In the most advanced XCT facilities, voxels of sub-micrometre sizes can be
achieved, allowing for the detection of microscopic pores, grain structures, or dislocations,

depending on the sample and setup.

All XCT work carried out in this project was performed at the European Synchrotron Radiation
Facility (ESRF) in Grenoble, France, on BM18. BM18 uses a polychromatic beam, at 50 to 280 keV.
More details on the setup will be provided in further chapters.

Once reconstructed into stacks of TIF files, the data from each XCT scan was several TB in size.
Processing this quantity of data required the use of the University of Sheffield’s High Performance
Computer (HPC). The Stanage cluster was used. This HPC operates on Linux 7, and features 90TB
of RAM, split between 12,000 CPU cores capable of operating in parallel.

Reconstructed XCT TIF files, and the custom-written MATLAB scripts that analysed them, were
uploaded to the HPC. The HPC performed the analysis, and output data was downloaded. An

example XCT image, obtained from the ESRF, is shown in Figure 3.11.
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Figure 3.11

An example of a reconstructed TIFF image, of an IN-718 component, as recorded at BM18 at the ESRF

3.7 - Hardness Measurements

All hardness testing in this work was performed on a DuraScan 70. The Vickers methodology was
used with a 1kg mass, with at least 5 measurements being taken from each region being tested on
samples. All measurement points were selected to ensure that they were at least imm away from the

nearest visible pore, in order to maximize the chances of the indentation not interacting with

porosity.

3.8 - ThermoCalc Modelling

Thermo-Calc 2025a was the CALPHAD (CALculation of Phase Diagrams) software used in this work.
The ‘TCNI12: Ni-Alloys vi2.1’ database was used for phase properties. Modelling work was only
carried out on IN-718, which was defined in the software as having the composition (weight %)

shown in Table 3.7.

Table 3.7
The IN-718 composition (weight %) used by ThermoCalc
Nickel 52.194 % Chromium 19.0
Iron 18.0 % Niobium 5.0%
Molybdenum 2.9% Titanium 1.0 %
Cobalt 1.0% Aluminium 0.6 %
Copper 0.3% Boron 0.006 %

Thermo-Calc’s ‘Scheil Calculator’ module predicted the likely phases to exist in this mixture, by
running a simulation of the composition cooling from 5,000K, to full solidification using the Scheil

method, in temperature steps of 1K, at 1atm pressure.
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This data was then passed to Thermo-Calc’s ‘Additive Manufacture’ module, which solves for a
moving heat source, using analytical methods. The system predicts steady-state melt pool
dimensions, given input parameters such as: ambient temperature; base plate temperature; heat
source profile (Gaussian, top hat, etc.); beam radius; laser power; laser speed; powder layer
thickness; and several others. The multi-physics approach used by Thermo-Calc accounts for
conduction, convection, evaporation, radiation, and fluid flow. An example of a melt pool simulated

with this method is shown in Figure 3.12.

0,122 mm

0,0603 mm

Temperature (C)

Figure 3.12
An example of the temperature profile and dimensions (liquidus in green, solidus in yellow) of an IN-718

melt pool, as predicted by Thermo-Calc
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4 - Camera Characterisation

This experimental chapter details the initial tests undertaken to understand the strengths and
limitations of the thermal camera used in following chapters, and to determine the corrections that
must be applied to image to account for motion blur, focus levels, and emissivity. Melt pool metrics
obtained from the camera are compared to those obtained from the optical microscope and from

modelling methods, to explore the fidelity of these methods.

4.1 - Determining Camera Frame Edges

A single-layer geometry was designed, with the intention of being able to track the point at which the

melt pool intersected the frame. i.e.:

1. A slow speed (for easier tracking) and low power (to avoid spatter) pattern would be scanned
onto a powder-free baseplate, with the camera recording.

2. The image sequence would be carefully analysed afterwards, with the points in the sequence at
which the melt pool crossed over the frame being noted.

3. Working backwards, it would be possible to determine the points in the Netfabb design, at which
the melt pool crossed out of frame.

4. The dimensions and corners of the frame in the Netfabb software could then be determined.

Designing a geometry that allowed for this process was not straightforward. At the frame edges and
corners, where the melt pool crossed out of view, the baseplate was often out of focus. It therefore
became difficult to work backwards from the image sequences, and determine which scan vector
according to the Netfabb file belonged to which image. Ultimately, a hub and spoke model was used
for the test.

A series of 50 concentric circles, with radii 5o0mm, 49mm, 48mm, etc., were centered upon the
approximate midpoint of the camera frame (1mm to the right of the baseplate centre, and 21mm
below, as determined by the previous test). A set of 72 lines, extending from the circle centres to the
outer circumference, were spaced evenly around the span, at steps of 5°. The Netfabb layout is shown

in Figure 4.1.

The circles were scanned first, from the smallest to the largest. By keeping track of the circle numbers
in the image sequence, and by noting the circle at which each of the four corners appeared to intersect
with melt pools, it was possible to determine the distance of each corner to the centrepoint. Next,
the lines were scanned, starting from the topmost and proceeding clockwise. Again, by keeping track
of the line number and noting corner intersections, the approximate angle of the corners from the

centrepoint could be determined.
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The Netfabb layout used to determine frame boundaries with melt pools
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Figure 4.1

Compiling these distances and angles, the coordinates of the corner points, for each of the five

available frame sizes, could be determined, as a function of offset from the baseplate centre on the

Netfabb centre. Each coordinate is assumed to be accurate to within +0.25 mm. These coordinates
are shown in Table 4.1.

Table 4.1
The coordinates of the camera frames on the baseplate
Corner Coordinates Relative to Baseplate Centre [X, Y]
Width [pix] | Height [pix] | Top Left [mm] Top Right [mm)] Bot Right [mm] Bot Left [mm)]
2048 2048 [-23.25, -1.5] [22.75, 0.5] [17.0, -39.5] [-18.0, -41.5]
2048 1024 [-22.0, -11.5] [21.25,-9.5] [18.25, -29.5] [-19.25, -31.5]
2048 512 [-21.75, -16.5] [20.25, -14.75] [18.75, -24.5] [-19.5, -26.75]
2048 256 [-21.25, -19.0] [20.0, -17.5] [19.0, -22.5] [-20.5, -24.75]
2048 128 [-20.75, -20.2] [19.75, -18.0] [19.5, -20.75] [-20.5, -22.75]

A sketch drawn in Netfabb is shown in Figure 4.2, which marks the approximate edges of the frames,

from largest (red) to smallest (yellow). Three important notes can be made from this sketch:

e All frames share the same lateral edges (shown in red).

2.7°,

The frame is rotated counterclockwise relative to the baseplate, at an angle of approximately

Because of the 15° tilt of the camera relative to the vertical, the top edge of each frame is larger

than its bottom. This difference decreases from 28%, to 16%, 10%, 5%, and 1%, as the frame

height decreases from 2048px, through to 128px. There is no difference (within margin of
error) between the left and right edges of each frame.
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Figure 4.2
A Netfabb model of the frames to be used throughout this project

From this point onwards, each frame will be assumed to be an isosceles trapezium (i.e. top and
bottom edges are parallel with unequal lengths, left and right edges are non-parallel with equal
lengths), centred at a point 1mm to the right of the baseplate centre and 21mm below, rotated 2.7°

counterclockwise. The lengths of the sides are shown in Table 4.2.

Table 4.2
The side lengths of each thermal camera frame

Frame Height [px] Top Edge [mm] Bottom Edge [mm] Left/Right Edges [mm]
2048 45.5 34.5 41.5

1024 43.0 35.0 21.5

512 42.5 36.0 10.0

256 41.5 38.5 6.0

128 40.0 39.5 3.0

When a MATLAB script is converting from pixels to um, therefore, the conversion factor is not
constant, but instead depends on the location of the object being analysed within the frame.
Assuming that the camera is focused at the frame midpoint (where 2,048px is 39,750um) the
conversion factor will decrease as objects appear lower in the frame (to a minimum of 34,500 / 2,048
um/px for the bottom of the 2,048 frame), and increase as objects appear higher in the frame (to a

maximum of 45,500 / 2,048 um/px for the top of the 2,048 frame).
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Formalising this, the width conversion factor could be taken as:
k,, =19.41 4+ 0.00262n

where ki, is the conversion factor [um/px], and n is number of pixel rows that a melt pool’s centroid

appears above (positive n) or below (negative n) the frame’s central row.

However, implementing this complicated conversion will be shown to be unnecessary in Section 4.5,
where it will be shown that any melt pool further than ~200 pixel rows from the frame’s centre will
be too defocused for any meaningful analysis analysis. Therefore, for all width conversions, ky will

simply be taken as 19.4 um/px.

The height of the isosceles trapezium defined in Table 4.2 is calculated as 41,130um for the 2,048px
frame. Although some complex trigonometry could be used to calculate the extent to which the height
conversion factor varies across the span of the frame, for the same reasons as outlined previously,

height conversion will simply be taken as ky, is 20 pm/px.

4.2 - Determining Spatial Accuracy

Having found that the 15° offset angle of the camera can stretch/shrink the top and bottom edges of
the frame by up to 28%, an obvious follow-on question is raised: how well do locations of objects or

melt pools on a Netfabb file, match to locations of objects or melt pools on a camera image.

To test this, a simple setup was devised. A grid of dots was lasered onto the baseplate. The grid had
gradations of 1mm in both X and Y, and each dot was composed of a 0.1mm tall single-track line,
oriented vertically. Two solid single-scan lines were drawn, horizontally and vertically, through the
frame centrepoint. The pattern was scanned at 125W and 500mm/s, and recorded in a single long-
exposure camera image. The pattern was repeated for each of the five frame sizes, and for different

focus levels when larger frames necessitated it:

e 2048 - Repeated 5 times (camera focused at frame’s top edge, mid-top, mid, mid-lower, lower
edge)

e 1024 - Repeated 3 times (camera focused at frames top edge, mid, lower edge)

e 512 - No repeats necessary (all dots were in focus)

e 256 - No repeats necessary

e 128 - No repeats necessary

Figure 4.3, as an example, shows the long-exposure image of the 1024px frame, when the camera

was focused on its middle.
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Figure 4.3

A long-exposure thermal image showing all the melt pool dots

Where repeats at different focus levels were used, the images were stacked together. i.e. the
uppermost 20% of the stacked 2048px image came from the image with focus on the top edge, the
next 20% came from the image with focus on the mid-top, etc. Once a single image was compiled
for each frame size, a MATLAB script was written to compare the location of each dot on the images,

to the location of the dots on the Netfabb file.

In Figure 4.4, the black dots represent the centroids of the melt pools identified in the composite
image of those recorded at 2048px frame size. The red dots represent the locations of the 0.1mm
single-track lines according to the Netfabb file. The grid of red dots has been rotated by 2.7° and

scaled, so that the centres of both sets of dots are aligned.
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Figure 4.4
The locations of the recorded melt pools (black dots), and the Netfabb lines they were based on (red dots)
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As is clear in the image, the further objects are from the centre of it, the greater the misalignment
between the Netfabb locations and the recorded melt pool locations. It was found that the 1024px
and 512px frame misalignment were visually-identical to that of the 2048px, albeit cropped in the Y

direction.

It is noted how, in the lower part of the image, the melt pool locations are further from the centre
than their corresponding single-line track locations (i.e. the black dots are ‘moving away’ from the
centre faster than the red). In the upper part of the image, where the red dots are moving away from
the centre faster than the black, the opposite is true. It appears that both expansive and contractive

linear distortion is being applied to the image.

As shown in Figure 4.5, a simple visual was created, to provide a sense of the direction and scale of
misalignment between Netfabb object and corresponding melt pool image, at various locations
throughout the frame. Each vector shows the extent to which the distance between the Netfabb
object (red dot) and centrepoint either shrinks (negative percent), or expands (positive percent)

when captured as the distance between the melt pool (black dot) and centrepoint.
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Figure 4.5
A representation of the direction and percentages by which objects in thermal images will scale away
(positive percentages) or towards (negative percentages) the centrepoint, as compared to their Netfabb

counterpart, based on their location within the frame
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It must be noted that the reason that misalignment is largest towards the corners in Figure 4.5, is
simply because the centre was chosen as the point to overlay the grids of dots representing the
Netfabb and melt pool locations. Should the bottom-right of the image have been chosen instead,
for example, then misalignment would have appeared to increase as location became higher and
more leftwards. Therefore, only one straightforward conclusion can be drawn from these tests:
distance measurements extracted from thermal camera images must be assumed to become

distorted as they grow larger, at the rate of approximately 1% per 10mm.

4.3 - Determining Spatial Resolution

The USAF 1951 Resolution Test Chart is a standardized optical pattern, developed in 1951 by the US
Air Force. Its purpose is to determine the ability of optical systems to differentiate between distinct
objects at a small scale. The pattern is composed of alternating dark and bright lines, in sets of three
(i.e. light, dark, light, dark, light), running both vertically and horizontally. There are six elements
(line sets), with decreasing thicknesses, in each group, and twelve or more groups of decreasing size
in each pattern. The resolution of the line sets follows the formula:

R = 2(“%)

where R is resolution [line pair per mm], G is group number, and E is element number.

A positive reflective test chart (Thorlabs R3L3S1PR) was used to determine spatial resolution [318].
This chart contained low-reflectivity chrome lines, upon a high-reflectivity chrome background.
According to the chart shown in Figure 4.6, at the 9go5nm wavelength that the camera records, the

lines and background are approximately 44% and 61% reflective, respectively.
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Figure 4.6
The test chart’s reflectance, as a function of wavelength [318], with the 9osnm reflectances highlighted in

orange
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The USAF 1951 test chart [318]

The test chart, shown in Figure 4.7, was placed onto the build plate, centred within the thermal
camera frame. In a similar method to that described previously, images were recorded at 1s exposure
time, while an infrared lamp was shone into the build chamber and moved about, and the camera
focus was adjusted, to ensure that each element from each group was both illuminated and in focus,

for at least one image. Shown in Figure 4.8, as an example, is an image showing Element 3, from

Group 0 (1.26 Ip/mm).

Figure 4.8

A thermal image, showing Group o, Element 3
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In order to quantify how well the camera could distinguish between the lines, a Modulation Transfer
Function (MTF) test was performed. An MTF test determines how well the output images of an
optical system preserve the contrast of the objects it records, at different spatial lengths. The MTF
equation compares the contrast out (i.e. between objects as detected by the camera), to the contrast

in (i.e. between these objects in reality):

MTF = Sout

in

C _ | max ~ I min

out —
Il max +1 min

where Inax and Inin are the intensity values of the light and dark regions of each element, respectively.

The equation for input contrast is the same as that for output contrast, but with the ideal values of

intensity being used instead of those picked up by the camera (i.e., for this USAF target, 60 and 42).

For example, in the Figure 4.8 image of element 3 from group o, the intensities of the light and dark
bars were measured as 63,816 and 50,932. Therefore, the MTF for these bars (1.26 lp/mm) is

calculated as:

_ 63816 ¥ 50932 _0112; _ _
MTFi26 = 60—42= " /0176 = 0636

63816 — 50932/
60 + 42

Calculating the MTF for each element, and plotting as a function of Ip/mm, yields the chart in Figure
4.9.
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Figure 4.9
The results of the MTF test, in terms of Line Pairs Per mm
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As can be seen, the MTF drops rapidly as the Ip/mm increases from near-zero. The MTF falls below
the industrially-accepted “good enough” value of 0.5, once the Ip/mm reaches around 5. Since
Ip/mm is not a very intuitive metric for humans, it is useful to graph instead by the inverse of twice

the Ip/mm (i.e. the width of a single line), as shown in Figure 4.10.
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Figure 4.10
The results of the MTF test, in terms of Line Width

From this graph, it can be seen that when the size of a feature is smaller than approximately 200um,

the MTF begins to fall rapidly below the “good enough” target of 0.5.

4.4 - Understanding the Effects of Motion Blur

The exposure time of the thermal camera, outside of characterization tests, was consistently set to
1ms. During this time the melt pool will travel, thereby appearing more extended in the resulting
images than it would be in reality (i.e. in a ‘true’ snapshot with an exposure time of oms). It stands
to reason that the extent to which the image is extended can be simply calculated based on the
exposure time and laser velocity (V). For example, if a melt pool is travelling at 1000mm/s, and the

exposure time is 1ms, then the extension would be:
Lextena = 1000mms™! x 0.001s = 1mm

Therefore, it would seem as if every melt pool length measurement extracted from thermal camera

images should be subtracted by 0.001V. In order to test this theory, single-line track melt pools were
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scanned at various combinations of velocities and exposure times. At least 40 melt pools were
recorded, at 125W on a 316L steel baseplate using the 1024px frame size at 200fps, at all

combinations of the metrics shown in Table 4.3.

Table 4.3
The speed-exposure combinations
Velocities [mm/s] Exposure Times [ms]
500, 600, 700, 800, 900 1,2,3,4,5

It was reasoned that, by measuring the melt pool length for each velocity at 5ms, 4ms, 3ms, etc., it
would be possible to extrapolate backwards to estimate what the ‘true’ length would be at oms. All
scanned lines ran horizontal across the frame, at approximately its midpoint in the vertical, where
the width of the frame was 40 + 0.5mm. Therefore, to convert melt pool length from pixels to um, a
conversion factor of 40,000um per 2,048px (19.53 um/px) was used, with an understanding that

this conversion factor was accurate to within +0.24 pm/px.

Images were normalised, and a threshold intensity of 0.4 was set in the MATLAB code to distinguish
melt pool from background, and the in-built REGIONPROPS function was used to measure the
dimensions of the identified pools. When recording melt pools, the camera occasionally imaged the
start or end of a scan track, where the identified pool may be much smaller than it should be. In
order to remove these smaller pools, the in-built RMOUTLIERS function was used, with the Median
Absolute Deviation (MAD) method.

In this method:

=

The median of the >40 pool lengths was calculated (M)
The absolute value of the deviation between each length and this median was calculated (D)

The median of these deviations was calculated (Mq)

P @D

A multiplier value (k) was chosen to be 3, as per common practice to consider any data further
than 3 standard deviations from the mean (i.e. the 0.3% most extreme) as outliers

5. Any length, with deviation greater than 3 times the median deviation, was labelled as an
outlier. i.e.

Di>kXMd

Table 4.4 shows the number of melt pools, and theit mean lengths [um], across all speeds and

exposure times, after removing the outliers.
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Table 4.4

The number of melt pools, and their mean lengths [um], for all speed-exposure combinations

500 mm/s 600 mm/s 700 mm/s 800 mm/s 900 mm/s

No. Length | No. Length | No. Length | No. Length | No. Length
1ms 127 960 104 1086 89 1180 80 1271 67 1377
2ms 125 1574 103 1832 82 2073 66 2315 57 2564
3ms | 103 2227 | 84 2617 |71 2997 | 55 3378 | 48 3763
4ms | 76 2901 | 63 3419 48 3935 |44 4456 | 39 4992
5ms 60 3570 49 4212 42 4886 35 5552 30 6198

In the graph shown in Figure 4.11, the mean length of each data set is plotted, with error bars

signifying the standard deviation of the lengths. With the outlier lengths removed, the standard

deviation is so small that these error bars are almost invisible.
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Figure 4.11

Extrapolating backwards, to find what melt pool length would be at oms exposure time

A linear line of best fit, calculated using the POLYFIT function, was found for each laser speed. The
slope and x=0 intercept were extracted. According to the reasoning outlined previously, the intercept
should equal the ‘true’ oms exposure time lengths. The line slope (i.e. the rate at which the melt
pools extend, as exposure time increases) should equal the laser speed. These numbers are shown

both in the chart legend, and in Table 4.5.
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Table 4.5
The ‘true’ length of each speed, and its slope, and speed : slope ratio

Speed [mm/s] ‘True’ Length [um] Slope [um/ms] (mm/s) | Slope/Speed [%]
500 283 655 130.9
600 282 784 130.6
700 233 927 132.5
8oo 184 1070 133.8
900 158 1207 134.1

As can be seen, the ‘true’ melt pool length follows the expected trend, where as the laser speed
increases, and the linear energy density therefore decreases, the length decreases. The slope of the
graph, however, is consistently around 30% larger than the laser speed. It is believed that this
discrepancy can be explained as some combination of the following three sources of error: system
error in the exposure time being set accurately; system error in the laser speed; and data analysis

error in the removal of outliers.

It was reasoned previously that the extent to which the melt pool extends, while travelling at speed
V and imaged at exposure time t, should simply be a product of these factors. i.e., the ‘true’ length

can be determined from measured length by:
Letrue = Lieas —V X t

However, should the 130% slope identified be followed (instead of slope = 100%), the ‘true’ length

would be determined as:
Lirue = Lmeas — 1.3 XV X ¢

The graph in Figure 4.12 shows an estimation of ‘true’ melt pool length, for each of the laser speeds,

according to three different methods of calculation:

e According to the x=0 intercept, which is only applicable for this experiment, where tests were
repeated at various exposure times.

e According to the simple logic with slope = 1, where V*t is removed from the lengths as
measured at 1ms exposure.

e According to the slope identified experimentally of 1.3, , where 1.3*V*t is removed from the

lengths as measured at 1ms exposure.
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Figure 4.12
Comparing the three methods of estimating melt pool length

As expected, the melt pool lengths as determined by the intercept and m=1.3 methods are very
similar. The lengths as determined by the m=1 method do not follow the expected trend of
decreasing in size as linear energy density decreases. Therefore, a slope of 1.3 will be used for all

melt pool lengths measured in this project.

In all instances from here onwards where melt pool lengths are discussed, it should be assumed

unless otherwise stated that the value has been calculated according to:

L = Lyms — 1.3 XV X 1ms

4.5 - Understanding the Effects of Camera Focus

In order to quantify the extent to which being out-of-focus affects the size, shape, and intensity

readings of a melt pool, two data sets were analysed:

e The 0.1mm tall, single-line ‘dots’ that were recorded for the spatial accuracy tests previously,
were used to provide a simple measure of the depth of field.
e Arectangle, composed of a set of horizontal lines, was scanned onto a powder-free base plate,

for the extraction of more precise data.

45.1 - Depth of Field

Deciding which dots should classify as in-focus or out-of-focus, for each of the images, was a very
subjective process. The maximum intensity value for each dot was extracted, and plotted for vertical
columns. Figure 4.13, for example, shows an extract from the long-exposure image recorded with a
1024px frame, focused at the midpoint, with a column of dots highlighted, and the maximum

intensities of the pixel rows plotted.
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Examining the effects of focus on a vertical column of dots

Repeating this method for every column of dots in the image yields 34 such plots. Compiling the
plots, and aligning them so that the dot with the greatest intensity is at X=0, results in the graph in
Figure 4.14.

800 T T T T T T

600

500 [~

Intensity
-
o
(=}
T

300 -

100 -

1 | I 1 I 1
0
-600 -400 -200 0 200 400 600 800

Distance from Highest Intensity [px]

Figure 4.14
Comparing the effects of focus for all 34 columns of vertical dots
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It was decided that a dot should be considered out-of-focus, once its peak intensity was less than 2/3
of the peak intensity of the most in-focus dot in its column. This method of determining focus was
used rather than a feature sharpness measure, due to the inherent blurriness of all (even in-focus)
melt pool edges. By finding the dot which satisfied this metric for each line, taking the pixel distance
of this dot from the most in-focus, and calculating the mean of this distance, it was possible to
determine a focus range for each frame. In the 1024px frame focused at the midpoint, according to
this methodology, the focus range was found to extend 268px above (further into build chamber) the
line of focus, and 243px below (closer to viewing window) it. Repeating this method for each image
of dots, and converting from pixels to mm (using the previously mentioned conversion factor of

40mm/2048px), yields the ranges shown in Table 4.6.

Table 4.6

Distance from each line of focus that melt pools can still be considered ‘in focus’

Range Above Range Below

Frame Focus [px] [mm] [px] [mm]
2048 Upper N/A N/A 238 4.65
2048 Up-Mid 278 5.43 251 4.9
2048 Mid 263 5.14 249 4.86
2048 Low-Mid 259 5.06 252 4.92
2048 Lower 271 5.29 N/A N/A
1024 Upper N/A N/A 235 4.59
1024 Mid 268 5.23 243 4.75
1024 Lower 276 5.39 N/A N/A
512 Mid 256 5 243 4.75

Based on these numbers, a general guideline was established: it should not be expected for melt pools
that lie further than 5mm above the camera’s line of focus, or further than 4.5mm below the line, to

be in-focus.

4.5.2 - Melt Pool Size, Shape, and Temperature

In order to better determine the effect that being out-of-focus has on the size, shape, and temperature
profile of a melt pool, horizontal single-line tracks were scanned across a baseplate, and recorded
with the 1024px frame, focused on its midpoints. The scans were performed on powder-free 316L
steel, at 125W, 500mm/s, with 0.5mm between them. The frame rate was 200fps, and the exposure
time was 1ms. Unlike in all the tests discussed previously in this chapter, here the raw camera images
were processed using the custom built MATLAB scripts to convert intensity readings to temperature.
The method used to perform this conversion was identical to that written about in the previous

chapter for IN-718, albeit with the emissivity value of 0.0980 used for 316L steel.
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Figure 4.15 shows a superimposed image, composed of all of the melt. All pixels with a temperature
reading below the 1,402°C solidus temperature of 316L steel reported in literature [319] were set to
have a pixel value of zero. Then, all non-zero pixel regions with an area of < 50px were also set to

zero, as any region smaller than this was clearly spatter or an optical anomaly.
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Figure 4.15

The effects of focus level on melt pool dimensions and temperatures

As is clear from Figure 4.15, as melt pools extend further from the line of focus along the frame’s
centre, their recorded temperatures decrease, and their size begins to swell. Each melt pool had the

following data extracted from it:

¢ Centroid coordinates in X and Y
e Peak temperature
e Mean temperature of all pixels within the pool

e Width and length dimensions

Widths and lengths were found using the fitted ellipse method, which will be explained in more detail
in Section 5.3.1.1. The maximum values were found for the peak and mean temperatures, and the
minimum values were found for the widths and lengths. These four values were used for comparison
for every other melt pool. The percentage difference between each melt pool and these values was

then calculated and plotted.

Figure 4.16 shows the percentage difference (D) between the peak temperature of each melt pool

(Tp), and the maximum of all these peak temperatures (Tmp), according to the formula:
T,
D= ( - —’”> x 100
Trnp
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Figure 4.16

The percentage decrease of melt pool peak temperatures, as they move away from the focus line

Temperature Decrease

Likewise, using a similar formula, Figure 4.17 shows the percentage difference between each melt

pool’s mean temperature, and the maximum of these means.
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Figure 4.17

The percentage decrease of melt pool mean temperatures, as they move away from the focus line
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Figure 4.18 shows the percentage difference (D) between the width of each melt pool (W), and the

minimum of all these widths (Wy,), according to the formula:
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Figure 4.18

The percentage increase of melt pool widths, as they move away from the focus line

No clear trends were found to exist when a similar method was applied to the melt pool lengths. The
extent to which the lengths of pools grew as their distance from the line of focus increased, was found
to be less significant than the variation of lengths of pools at the line of focus. This follows the logic
that as elongated objects blur when out of focus in a camera, their shorter dimension is going to be

affected more than their longer dimension.

In these three figures, the line of focus is assumed to lie halfway along the approx. 20mm vertical
height of the 1024px frame. The three figures were divided into 20 vertical slices of equal height,
each approx. 1mm in height. The average of each percentage change was found in each slice. These

averages are displayed in Figure 4.19.

Based on Figure 4.19, general guidelines were estimated, for the rate at which a melt pool’s peak
temperature, mean temperature, and width, would increase/decrease as the pool strayed from the
line of focus. These estimated rates were: -6 % per mm for peak temperature; -5% per mm for mean
temperature; and +5% per mm for pool width. From this point onwards, whenever melt pool peak

temperatures, mean temperatures, or widths are addressed, this correction has been applied.
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Figure 4.19
The average effects on melt pool peak temperatures, mean temperature, and widths, as they move away

from the focus line

4.6 - Preliminary Evaluation of Camera

Four simple experiments were devised, to determine the extent to which melt pool characteristics as
recorded by the camera, matched or differed from melt pool characteristics as expected from theory.

The four hypotheses to be tested were:

1. The shape of the component being scanned, and the location of the vector within that shape,
will affect the thermal characteristics of the melt pool.

2. The volume of adjacent, solid material, for heat to be conducted into, will affect a melt pool’s
thermal characteristics.

3. The duration of a pause, between one vector and the next, adjacent vector, will affect the
thermal characteristics of the melt pool in the adjacent vector.

4. The distance of insulating powder, between a single-line track and its nearest bulk solid, will

affect the thermal characteristics of its melt pool.

A build was carried out to test each of these hypotheses. All builds were performed with IN-718
powder, upon a 316L steel baseplate, with a laser power of 125W, a laser speed of 500 mm/s, a
hatch spacing of 5o0um, and a layer height of 3oum. The 512px frame was used, with a recording
rate of 400fps (the maximum possible at the frame size), and an exposure time of 1ms. The focus

was set to the midpoint of the frame, which is where all builds were centered.

The overall aim of these tests was not to determine the exact ways in which melt pool
characteristics would be affected, but rather to demonstrate that the thermal camera was capable

of detecting the changes to melt pool characteristics, caused by altering component geometry.
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4.6.1 - Effect of Component Shape
Four shapes were built:

1. A wide cube, with a side length of Smm

2. A narrow cube, with a side length of 4mm

3. A wide-based isosceles triangle, with a base of 8mm and a height of 10mm.
4.

A narrow-based isosceles triangle, with a base of 4mm and a height of 10mm.

Figure 4.20 shows a top-down view of the four components, surrounded by the estimated perimeter

of the 512px frame.

5mm

Figure 4.20

The four shapes that were built to test the camera

As can be seen, each component is rotated by 3° counterclockwise in order to align with the frame.
The scanning strategy was also rotated by 3°, to align with the components. A simple, parallel
scanning strategy was used, with a 90° rotation between layers. The layer that was recorded with
the camera was the 100t (build height of 3mm), as it was believed that at this height the thermal
conditions would have settled into a steady state. At this layer, the scan vectors were oriented
vertically with respect to the components (i.e. 3° off the vertical in Figure 4.20), and progressed from

left to right across the layer.

Figure 4.21 shows a superimposed image, with all the melt pools recorded. In each individual image,
all pixels with a temperature below 1255°C are set to 0, and each pixel outside the melt pool was set

to o.

As can be seen, both the width and temperature of the melt pools increases as the scan vectors
progress from regions with longer vectors and greater return times, to regions with shorter vectors
and smaller return times. These findings follow expectations: shorter vectors lead to less time for
conduction to dissipate heat energy, which leads to greater heat accumulation, which leads to
elevated temperatures, which leads to more material within the melt pool being above the solidus

temperature.
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Figure 4.21

A superimposed image of melt pools from the four shapes

The maximum temperature, mean temperature, and width of every melt pool was extracted, and
plotted against the length of its vector upon which it is estimated to lie, resulting in the set of graphs

shown in Figure 4.23, Figure 4.24, and Figure 4.25.

The fact that the measured mean and maximum melt pool temperatures (and to a lesser extent the
melt pool width) appear to show such a strong negative correlation with the vector length,
demonstrates the ability of the thermal camera to differentiate the characteristics of melt pools from

different geometries.

4.6.2 - Effects of Heat Sink VVolume

A single isosceles triangle was built, with a base of 8mm and a height of 35mm. The triangle’s

centerline was aligned with the frame’s line of focus, at a 3° rotation, as shown in Figure 4.22.

Figure 4.22

The triangle that was built to explore the effects of heat sink volume
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The effects of vector length on the mean melt pool temperature
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The effect of vector length on the peak melt pool temperature
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The effects of vector length on the melt pool widths
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The triangle was built with 3oum layers, and a simple linear scanning strategy, with a 67° rotation
between layers. Beginning at layer 100 (3mm build height), and repeating every 10 layers (0.3mm)
until layer 190, the centerline of the triangle was lasered from left to right, before the rest of the shape
was lasered. It was expected that, due to the larger volume of solid material to conduct away heat,
melt pools recorded at the wide end of the triangle would be smaller and cooler than melt pools at

the narrower end of the triangle.

Figure 4.26 shows a superimposed image with all the melt pools recorded along the centerline, at
layer 150. All pixels either below 1255°C, or not part of a melt pool, have been set to o.
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Figure 4.26

A superimposed image of all the melt pools from the triangle’s centreline

The mean temperatures, maximum temperatures, and widths of the melt pools were extracted,
alongside the width of the triangle (heat sink) at their locations. It was found that, when plotting the
melt pool characteristics against the heat sink width, no identifiable trends emerged. Figure 4.27,
for example, shows the mean melt pool temperatures are shown, for each of the 10 centreline scans

recorded.

As can be seen, the temperatures vary stochastically between just above solidus, and approximately
1440°C. Plotting for melt pool peak temperature, and melt pool width, produce similar stochastic

results.
It was reckoned that the cause for this lack of trend was threefold:

e The inherently stochastic nature of melt pool characteristics, especially when the expected
trend may only be small in nature.

e The possibility that these differences in triangle width may not be enough to reasonably
expect a change in thermal conditions for the melt pool, since the cooling length of the melt
pool is sufficiently short to make all triangle geometries appear infinite in size

e The possibility that observing these subtle differences may be beyond the capabilities of the

thermal camera.
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Figure 4.27
All melt pool mean temperatures, plotted against the width of the triangle they were built upon, showing

that no trends exist between these parameters

4.6.3 - Effects of Pause Between Vectors

Five cuboids were built, each with widths of smm, and lengths of 1mm, 2mm, 4mm, 8mm, and
16mm. The parts were rotated by 3°, and positioned so that their bottom edges lay along the line of
focus of the 512px frame (as this is the region of interest, as per the explanation below). Figure 4.28
shows the frame and the five cuboids, as well as a very thin, out-of-frame rectangle, the meaning of

which will be explained in this section.

Figure 4.28

The cuboid and pause-rectangle design that was used to test the effects of pauses

A simple hatching scan strategy was used, with vectors running either vertically or horizontally

across the parts (i.e. at either 3° or 93° relative to the build chamber), with a rotation of 90° between
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Pixels

layers. Beginning at layer 100 (3mm build height), and repeating every 10 layers (0.3mm) until layer

190, the following occurred for each part, progressing from left to right:

1. Horizontal scanning began, alternating left and right as the laser progressed down the part.

2. All but the last (bottom-most horizontal) vector was scanned.

3. The laser moved out of frame, to the very thin, 20mm long rectangle, which it scanned
horizontally at 200 mm/s (i.e. a scanning time of 0.1s)

4. Depending on the layer, the laser may have re-scanned the long rectangle multiple more
times, alternating left and right, running over the same vector again and again.

5. The laser returned to finish the final, bottom-most horizontal vector on the cuboid.

6. The laser progressed to the next part to repeat these steps.

At layer 100, the laser scanned the thin rectangle once (0.1s pause), before finishing off each part. At
layer 110, the rectangle was scanned twice (0.2s pause). This pattern continues, with the rectangle
scanned 10 times (1s pause) at layer 190. These layers that incorporated the pauses were recorded
with the camera. Due to the time taken for the galvanometers to position from the parts to the thin
rectangle, and back from the thin rectangle to the parts, the pause was slightly longer than prescribed

in all cases.

Figure 4.29, for example, shows a superimposed image, composed of all the ‘final-line’ melt pools
recorded at layer 150. All melt pools that were not part of the final-lines, have been omitted. In each
individual image that makes up the superimposed image, all pixels were set to zero that were either

below 1255°C, or outside of the melt pool.
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Figure 4.29

The final-line melt pools recorded at layer 150

The mean and maximum melt pool temperatures, and the melt pool widths, were extracted for each
melt pool, in each of the five vectors, in each of the ten layers. It was expected that as the pause time
increases, the widths and mean and maximum temperatures of the melt pool would decrease, due to

the same mechanisms that caused these metrics to decrease with increasing laser return time.
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These three metrics are shown are shown in Figure 4.30, Figure 4.31, and Figure 4.32, for each of

the five cuboids, and each of the five pause times. It is understood that it would have been beneficial

to perform a control with 0s pause time, and that it was an experimental oversight to omit this.
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Mean Melt Pool Temperature [*C]
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Figure 4.30
The mean melt pool temperature of various final-line lengths, as a function of the pause that came

immediately before that final-line was scanned
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Figure 4.31
The peak melt pool temperature of various final-line lengths, as a function of the pause that came

immediately before that final-line was scanned
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Figure 4.32
The width of various final-line lengths, as a function of the pause that came immediately before that final-

line was scanned

In each of these three images, melt pool characteristics are shown to vary coherently as expected, for
pause times between 0.1s to 0.4s. After this pause duration, the characteristics settle into a steady

state, where any trends that may exist cannot be picked up by the camera.

4.6.4 - Effects of Insulating Powder

To determine if the camera could pick up on subtle differences in melt pool characteristics, caused
by varying widths of insulating powder between the scan vector and the nearest solid materials, a
simple test was designed. A cuboid with length 35mm and width 3mm was built, just above the line

of focus of the frame, as shown in Figure 4.33.

Figure 4.33
The cuboid that was built to test the effects of insulating powder
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A simple scanning strategy, with vectors alternating between horizontal and vertical each layer, was
used to build the cuboid. The strategy was designed so that on every 10t layer, the final vector was

the lower-most horizontal, scanned from left to right. This vector will be referred to as the ‘control’.

On layer 100 (3mm build height), the control was immediately followed by a left-to-right, horizontal
‘test’ vector, scanned directly below it, with a hatch spacing of 5o0um being maintained (i.e. the vector
touched the bottom of the cuboid laterally, but was built onto loose powder). On layer 110 (3.3mm
build height), the control was immediately followed by a left-to-right, horizontal test vector, scanned
below it with a hatch spacing of 100um (i.e. a single hatch was skipped). On layer 120, a hatch
spacing of 150um was used, skipping two hatches. This pattern, skipping zero hatches, then one
hatch, then two hatches, was repeated at layers 130, 140, and 150, respectively, and again at layers
160, 170, and 180, respectively. Figure 4.34 shows the first five control-test sets (layers 100 to 140),
from the XY perspective.

Layer
. Cuboid

140

Control Vector

Test Vector

130

120

110

[

100 Build Direction

I
50pm

100um
T
150pm

Figure 4.34
An XZ view of the cuboid (blue), showing the control lines (green), the test lines (red), and the powder in

between them

The entire layer was recorded with the camera at each of the aforementioned layers, and the control
and test vectors were extracted. In the superimposed image in Figure 4.35, the two vectors are shown
for layer 120, where there is a 150um spacing between them. In each individual image composing

the superimposed image, all pixels either below 1255°C, or not in the melt pool, are set to zero.
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Figure 4.35
The control vector (top) and test vector (bottom) for layer 120

The mean temperature, maximum temperature, and width, was found for each melt pool in both the
control and the test vector, for each layer being analysed. It was expected that as the hatch spacing
increased, so would the temperatures and widths, due to a reduction of available solid material for
heat to be conducted into, despite the decreasing preheat temperature associated with greater hatch
spacing. It was also reasoned that the increase would level off after the 100um vector, as from this
vector onwards the melt pool would be completely surrounded by loose powder. When the mean
and standard deviation of each melt pool characteristic was determined for each layer, it was found
that no trends existed as the layers increased: i.e. all nine of the control vectors could be grouped
together, and all three of the 5o0um test vectors could be grouped, as could all three of the 100um test
vectors, as could all three of the 150um test vectors. Therefore, all eighteen vectors can be analysed

as only four sets of means and standard deviations, as shown in Figure 4.36.
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Figure 4.36

The effects of various distances of insulating powder, on mean melt pool temperature, peak melt pool

temperature, and melt pool width
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As can be seen, very slight increases, mostly within the margin of error, are visible across all three
metrics, as was expected. These results further demonstrate both the strengths and limitations of
the thermal camera setup: melt pool characteristics can be detected, although large data sets are

required, due to the stochastic nature of L-PBF and the large errors associated with any reading.

4.7 - Accounting for Limitations of Emissivity

As discussed in previous chapters, there exists a circular dependency in the use of single-wavelength
IR cameras. To convert a pixel’s intensity to temperature, one must know the emissivity of the
surface the pixel is recording; but also, a material’s emissivity changes with temperature.
Additionally, viewing angle, surface condition, and laser parameters can affect the value that should

be used in equations.

As a result, single-wavelength cameras may be considered accurate in determining temperature
trends, especially when images of identical experimental setups and materials are being compared.
In terms of determining exact temperature values, however, their accuracy is questionable. This can

be problematic in scenarios where an exact measurement of melt pool area is required.

4.7.1 - Work by Prior Researchers

The most common solution to this problem is the use of dual-wavelength camera setups, from which
temperature may be calculated from the intensity ratio of the two recordings. A simpler solution
that addresses the question of accurate melt pool area (although not the larger problem of accurate

temperatures across the entire profile), was proposed by Cheng et al. [320] and Heigel et al. [321].

These researchers obtained the intensity profiles from melt pool images, extracted intensity-distance
cooling curves, and analysed these to find the accelerations and decelerations associated with the
liquidus and solidus boundaries of the mushy zone. By identifying the intensity readings that
corresponded to the solidus and liquids temperatures, it became possible to draw boundaries around
all melt pools, even if the temperature profiles of all that lay inside and outside of these contour lines

was unknown.

Heigel et al. first proposed the method of searching for the mushy zone in thermal images of melt
pools. The authors recorded a build of IN-625, using an off-axis, high-speed camera, filtered for
wavelengths between 1350 and 160onm. The camera recorded a 13mm x 7mm section of baseplate,
at a resolution of 360 pixels x 128 pixels, at 1800 frames per second. Seven power-speed
combinations were tested. Figure 4.37 shows some example images of melt pools recorded for each
case. Note that an intensity to temperature conversion has already been applied to these images,

using a single emissivity value.
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Figure 4.37
Melt pools recorded by Heigel [321]

The temperature profile of the centerline that has been marked in each of these melt pools, was then
extracted for analysis. The cooling curve, trailing the peak melt pool temperature, was isolated. By
searching for peaks and troughs in the second derivative of this cooling curve (i.e. the points at which
the temperature’s fall accelerated and decelerated), the mushy zone boundaries were found. Figure
4.38 shows the acceleration (i.e. liquidus temperature), for the melt pool of Case 7 shown in Figure

4.37.

By repeating this procedure for all recorded melt pools, the authors managed to identify the
temperatures according to the single-value intensity conversion, that corresponded to the true
liquidus temperature of IN-625 (1350°C). Figure 4.39 shows a table showing the laser parameters
used in each case, the mean temperature corresponding to 1350°C, and the mean melt pool length

that was found using that temperature as the start and end of the liquid pool.
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Figure 4.38

Heigel’s method of determining liquidus temperature, based on the cooling curve’s second-derivative [321]

Case Power (W) Speed (mm/s) Radiant temperature used for detection (°C) Melt pool length (um)
1 49 200 942 + 25 171 £ 16

2 122 200 942+ 25 519.+29

3 122 500 942 + 25 361.:£27

4 122 800 942 + 25 31527

5 195 200 961 + 33 824 + 109

6 195 500 949 + 26 903 £ 102

7 195 800 936 £ 22 81379

Figure 4.39
Heigel’s results [321]

As is evident from the table, not only is there significant error in the ‘radiant temperature’, but there

is little change in this error, regardless of the laser parameters applied.

Cheng et al. advanced this work, by testing the effects of laser speed on emissivity values in more
detail. An off-axis, high-speed camera was used to monitor an IN-718 (liquidus temperature 1336°C)
build, recording a 3omm x 5mm section of the base plate, with a resolution of 1410 pixels x 275

pixels. The camera was filtered to 670nm, and recorded at 58Hz.
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The authors identified more error in their tests than Heigel did. Using the second derivative method,

the radiant temperatures of melt pools over a range of build heights. Each set of data points, for each

build height in Figure 4.40, is composed of data from tests at 400, 600, and 800 mm/s:
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Figure 4.40

Cheng’s results for the ‘radiant temperatures’ of the liquidus temperature [320]

As can be seen, the range of radiant temperatures is quite wide, with all temperatures measured at

1900 + 120°C. The authors did not show which of the data points arose from which scan speeds, but

did state the average temperatures for each speed: 1890°C, 1855°C, and 1912°C for 400 mm/s, 600

mm/s, and 800 mm/s, respectively. The authors did not state any errors on these values.

4.7.2 - Applying to This Project

In order to test the applicability of this second-derivative method to the equipment and materials

being used in this project, three experiments were planned:

Single-track scans, at a range of laser powers and speeds, were run across a powder-free IN-
718 plate, while being recorded with the thermal camera. These scans were a proof-of-concept,
to see if the method could be applied at a most fundamental level.
Single-track scans, with the same dimensions and laser parameters as previous, were
performed on a layer of IN-718 powder, that was spread across rectangles that had been built
of the same powder, while being recorded. These scans were considered more applicable to a
real-world scenario, where laser-powder interactions could complicate the second-derivative
method.
In order to test the method in an industrially-relevant setting, the following simple shapes and
scanning strategies were built from IN-718 powder, at a range of laser powers and speeds, and
recorded:

a. Square - Bi-directional vectors, 67° rotation between layers

b. Triangle - Bi-directional vectors, horizontal to ensure that the top point is over-heated

c. Circle - Uni-directional, inwardly spiraling, concentric circles
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4.7.2.1 - Powder-Free Single Tracks

A 6o0mm x 40mm x 5mm plate of rolled IN-718 was placed onto the powder-free base plate, and
levelled with the surrounding build chamber. The thermal camera was set to the 2048 pixel x 512
pixel frame, and the frame’s centre was focused on the IN-718 plate. The camera was set to record
at 400 frames per second. 27 vertical scans were performed, each spanning the 10mm height of the

frame, and with 1imm horizontal spacing, as shown in Figure 4.41.

Figure 4.41
The design for the single-line tracks

Each combination of the laser speeds and powers in Table 4.7 were performed, with each

combination being repeated three times.

Table 4.7

The power-speed combinations

Velocities [mm/s] | Powers [W]

500, 1000, 1500 | 100, 150, 200

In each of the recorded thermal images, any pixel that had an intensity value of below 200, or that

was not part of the melt pool, was set to o.

As established in a Section 4.5.2, it was reckoned that any pixels that fell either 5mm above, or 4.5mm
below, the centerline of focus, should be discarded. The height of the 512-pixel frame was

approximately tomm. Therefore, all melt pools inside it could have been considered to be in focus.

The locations of each melt pool’s cooling curve (i.e. the line from its peak intensity, along the pool’s
length, to where the normalized intensity falls from 200 to 0) was found. Since multiple melt pools
were recorded for each line, even at 1500 mm/s, it was decided that any of those with cooling curves

that did not fit entirely within 2.5mm above/below the centerline, could also be excluded.
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Figure 4.42 shows the superimposed stack, with all the melt pools with cooling curves outside these
limits excluded.

Repeat: 1 2 3
Speed [mm/s]: 500 ‘ 1000 ‘ 1500 500 1000 ‘ 1500 500 ‘ 1000 ‘ 1500
Power [W] 100 ‘ 150 ‘200 | 100 | 150 | 200 ‘100 ‘ 150 200

100 |150 200 | 100 |150 ‘200 |100‘ 150 | 200

100 | 150 | 200 ‘100 ‘ 150 |200 IlOO‘ 150 |200 ‘

Figure 4.42

The superimposed image of all melt pools that fit within the centreline + 2.5mm boundary

In this image, the melt pools are shown for (from left to right): 500 mm/s (100W, then 150W, then

200W), 1000 mm/s (100W, 150W, 200W), 1500 mm/s (100W, 150W, 200W), then the previous

order of nine repeated twice more.
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Figure 4.43

Determining the liquidus-intensity from the second-derivative
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The cooling curves were extracted from each of the 79 melt pools. Figure 4.43 shows some example
images of various cooling curves, along with their smoothened equivalent (rolling mean with window
size of 5), and the first and second derivatives of the smoothened curve. It was found that without
smoothing, the first and second derivatives varies wildly due to minute temperature fluctuations.
The X axis in each of the images has also been normalized, to allow for easier comparison between
plots. The reason that the second derivative peak is being extracted here, whereas the trough was
extracted by Heigel, is explained simply by Heigel choosing to search for the ‘end’ of the liquidus
arrest (greatest deceleration in temperature change), whereas here the ‘start’ (greatest acceleration)

is being searched for.

As can be seen in Figure 4.43, by tracking the X axis location of the greatest spike in the second
derivative of the cooling curve (i.e. after the peak temperature), and matching this location with the
pixel intensity, it is possible to estimate the intensity that corresponds to the liquidus temperature
of IN-718. These intensity values were 552, 518, and 531, for three melt pool (left to right in Figure
4.43).By identifying the intensity contours around each of the three melt pools, that correspond to
these identified liquidus-intensities. It is possible to estimate the length, width, and area of each
melt pool. In Figure 4.44, these contours are identified on the greyscale intensity map of the melt
pools. Also, using the same scale, the melt pools are shown with the temperature-conversion applied,

thresholded at 1336°C, for comparison between the two methods.

In previous sections, the aim of all analysis of melt pool images was to determine what the thermal
camera could reveal about melt pool behavior, so therefore melt pool dimensions were presented in
micrometers. In this current section, the aim of all image analysis relates to more fundamental

experimentation on the camera itself. Therefore, all melt pool dimensions will be presented in pixels.

As can be seen, both the widths and lengths of each of the melt pools are notably larger when
determined by the temperature-conversion method (TCM), than when determined by the intensity-

contour method (ICM). The exact measurements are shown in Table 4.8.
The large difference between the areas can be attributed to three facts:

1. The intensity threshold that distinguishes liquid from solid will be slightly different between
the TCM and the ICM.

2. Due to the small size of the melt pools, the very small difference in threshold can manifest as
a large percentage difference. In the case of the 1000 mm/s, 150W melt pool, for example, a
width difference of only 3 pixels corresponds to a 37.5% difference.

3. Due to the quadratic scaling nature of area, any increases in length and width will be greatly

amplified, hence the 67.3% difference for the area of the same melt pool.

It must be noted, however, that the three melt pools used in the second-derivative methods
previously, were specifically chosen for the ease with which the calculations could be applied to them.

Many of the recorded melt pools did not feature such clear mushy zones in their cooling profiles.

195



500 mm/s, 100W n n B
1000 mm/s, 150W n n
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Figure 4.44
Comparing melt pool boundaries as determined by the liquidus-intensity contour (left), and the

temperature conversion method (right)

Table 4.8

Comparing the TCM and ICM melt pool dimensions
Melt Pool 500 mm/s, 100W 1000 mm/s, 150W 1500 mm/s, 200W
Width (TCM) 10 pixels 11 pixels 8 pixels
Width (ICM) 8 pixels 8 pixels 7 pixels
Difference 25% 37.5% 12.5%
Length (TCM) 44 pixels 28 pixels 37 pixels
Length (ICM) 40 pixels 23 pixels 31 pixels
Difference 10% 21.7% 19.4%
Area (TCM) 264 pixels? 184 pixels? 177 pixels2
Area (ICM) 192 pixels2 110 pixels2 130 pixels?
Difference 37.5% 67.3% 36.2%
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Figure 4.45 features two more examples of cooling curves. The curve on the left has a discernable

mushy zone, but only when it is already known that the liquidus intensity appears around 510 to 560.

The curve on the right has no discernable mushy zone at all.
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Figure 4.45

An example of a ‘Mid’ melt pool (left), and a ‘Poor’ melt pool (right)

Each of the 79 recorded melt pools could be placed into one of three categories:

1. The liquidus intensity could be found by searching for the largest peak in the second-
derivative of the cooling curve, as demonstrated with the three ‘good’ melt pools previously.
The value could be found automatically, with a simple MATLAB code.

2. The liquidus intensity could be found, but only when the peak in the second-derivative chart
that corresponds to the known intensity range was manually selected, as demonstrated with
the ‘mid’ cooling curve in Figure 4.45. These melt pools required a lot of human effort to find,
as it was difficult to write a MATLAB code that could automatically select the correct peaks,
without constantly getting confused by anomalies.

3. The liquidus temperature could not be found, either by MATLAB code or human effort, as

demonstrated by the ‘poor’ cooling curve in Figure 4.45.
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Importantly, deciding which of the three categories that a given melt pool should fit into, was not a

task that could be easily automated. There existed a circular dependency: selecting the correct peak

in the second-derivative graph, would reveal the liquidus-intensity to be approximately 530; and the

correct peak in the second-derivative graph, was whichever corresponded to a liquidus-intensity of

approximately 530. Ultimately, each of the 79 cooling curves and second-derivative graphs had to

be checked manually, before they could be divided up into the categories. Table 4.9 shows how many

melt pools fit into each of the three categories.

Table 4.9
The number of ‘Good’, ‘Mid, and ‘Poor’ melt pools for each power-speed combination

Speed 500 mm/s 1000 mm/s 1500 mm/s
Power 100W 150W 200W | 100W 150W 200W | 100W 150W 200W
Total MPs 13 13 12 8 8 9 5 6 5
‘Good’ MPs 6 5 5 2 3 3 2 3 1
‘Mid’ MPs 4 4 2 3 3 4 1 2 1
‘Poor’ MPs 3 4 5 3 2 2 2 1 3

Table 4.10 shows, for all of the melt pools from which data can be drawn (i.e. those in the ‘Good’ and

‘Mid’ categories): the mean and standard deviation liquidus-intensities, and the percentage that the

melt pool shrunk, between the TCM and ICM method, expressed as a mean and a standard deviation.

Table 4.10

The liquidus intensity, and TCM/ICM differences for all ‘Good’ and ‘Mid’ melt pools
Speed 500 mm/s 1000 mm/s 1500 mm/s
Power 100W 150W 200W | 100W 150W 200W | 100W 150W 200W
Mean Lig-Int 524.5 | 529.7 | 514.1 551.3 552.4 | 519.6 | 554.7 |546.6 | 552.0
Std. Lig-Int 25.5 26.2 21.3 27.4 10.0 26.4 17.0 17.3 14.2
Diff. Width [%] | 22.3 28.1 14.3 13.1 12.2 14.9 15.6 27.3 19.7
Std. Width [%] | 4.1 5.1 2.8 2.6 2.4 3.1 3.2 5.3 3.9
Diff. Length [%] | 20.4 15.9 20.0 7.6 22.4 13.8 19.3 8.8 12.2
Std. Length [%] | 4.1 2.9 4.0 1.6 4.6 2.6 3.7 1.6 2.2
Diff. Area [%] 39.4 34.3 70.9 73-3 71.0 45.6 60.1 38.6 40.3
Std. Area [%] 7.4 7.5 14.0 15.9 14.7 8.6 13.0 8.4 8.2

As can be seen from the table, there is strong consistency in the liquidus-intensities identified. All

intensities fell within the 510 to 560 range, with standard deviations that were typically around 5%

of the value. The overall mean liquidus-intensity, calculated from all recorded melt pools, was 538.5,

with a standard deviation of 23.4.
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The number of melt pools that could be automatically processed, without human input, however,
was of concern, especially since this test had been designed to make liquidus-intensity identification
as easy as possible, and was not representative of real-world build conditions. The percentages of
melt pools which fell into the ‘Good’, ‘Mid’, and ‘Poor’ categories, were 38%, 30%, and 32%,

respectively.

4.7.2.2 - Single Tracks with Powder

The same 27 single-line tracks were printed again, following the same 9 power-speed combinations.
The only difference between this test and the previous, was that the tracks were here build with
powder. In the first five layers of the build, 27 thin rectangles were scanned, for the single-line tracks
to be scanned upon in the sixth layer. The rectangles each measured 10omm x 0.5mm, and were
positioned so that the single-line track would be at its centerline. A 3oum layer height was used.
These rectangles were scanned with a laser power of 125W, a laser speed of 500 mm/s, a hatch
spacing of soum. The intention of these rectangles was to have the single-line tracks be scanned
onto a substrate built from powder, rather than onto a solid baseplate, to better recreate real-world

conditions.

Apart from this change, the build, recording, and data processing followed the exact same procedure
as previously. Table 4.11 shows the number of melt pools in each category, and the information that
was learned about the liquidus-intensity, and the effect on pool dimensions. Due to the fact that all
of the 1500 mm/s - 200W melt pools fell into the ‘Poor’ category, no calculations were possible on

this combination.

Two major differences are notable between this results table, and those from the powder-free tracks.
Firstly, the number of melt pools falling into each of the three categories has shifted. Due to the
more chaotic nature of building with powder, with the stochastic nature of particle melting, and the
increased tendency for spatter, there are fewer ‘Good’ melt pools, and more ‘Poor’ melt pools.
Whereas in the powder-free build the number of ‘Good’, ‘Mid’, and ‘Poor’ pools, were 38%, 30%, and

32%, respectively, here the numbers are 21%, 23%, and 56%, respectively.

Secondly, the liquidus-intensity range has shifted. Whereas the powder-free intensities all fell
between 510 and 560, here they fall between 480 and 530. This is likely due to the fact that a
material’s emissivity depends on its surface quality, and the liquid of a molten plate is going to differ

slightly from the liquid of molten powder in terms of surface shape and stability.

The overall liquidus-intensity from these tracks, calculated from all melt pools, was 501.7, with a

standard deviation of 27.5.

Combined, these two shifts point to a noteworthy trend: as experiments to find an alloy’s liquidus-
intensity move from the ideal to the real-world, the liquidus-intensity is going to change, and the

ability to accurately measure the liquidus-intensity is going to diminish.
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Table 4.11
The number of melt pools in each category, their liquidus intensity, and the TCM/ICM difference

Speed 500 mm/s 1000 mm/s 1500 mm/s
Power 100W 150W 200W 100W 150W 200W 100W 150W 200W
Total MPs 14 12 10 9 7 6 6 7 4
‘Good’ MPs 3 3 2 2 1 1 2 2 )
‘Mid’ MPs 4 2 3 1 2 1 2 2 )
‘Poor’ MPs 7 7 5 6 4 4 2 3 4

Mean Lig-Int 521.5 517.6 488.4 499.0 495.9 510.4 489.5 478.6 -

Std. Liq-Int 29.8 16.3 28.2 27.6 13.4 26.8 28.8 25.0 -
Diff. Width [%] 29.7 26.3 10.1 21.6 12.0 20.6 17.2 13.9 -
Std. Width [%] | 6-4 5.2 1.9 3.9 2.5 6.4 3.2 3.0 -
Diff. Length [%] | 139 7.7 18.6 16.1 21 16.4 20.7 11.6 -
Std. Length [%] | 28 15 35 3.3 3.9 3.4 4.4 2.1 -
Diff. Area [%] 74.4 27.8 70.8 74.4 57.9 60.0 71.6 35.1 -
Std. Area [%] 14.6 5.5 12.9 15.6 12.2 11.9 14.4 7.3 -

4.7.2.3 - Simple Shapes

The following shapes, as shown in Figure 4.46, were built from IN-718 powder, upon a 316L steel
base plate (due to the metallurgical compatibly of the two materials, and a lack of IN-718 plates):

a. A smm x 5mm square, with bi-directional vectors, and 67° rotation between layers
b. A smm (base) x 5mm (height) triangle, with bi-directional vectors, that were all aligned
horizontally to ensure that the top point is over-heated

c. A circle with smm diameter, scanned with concentric circles progressing from outer to inner

Figure 4.46

The simple shapes used to mimic a real-world’ application
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A layer height of 3oum and a hatch spacing of 5oum was used. The shapes were built to 45 layers.
Each of the nine power-speed combinations that were used for the single-line tracks were used again
here, with five layers being built at each combination, and the final of each of the five being recorded.
The order of the combinations was: 500 mm/s (100W, then 150W, then 200W), 1000 mm/s (100W,
150W, 200W), 1500 mm/s (100W, 150W, 200W).

Between 200 and 500 melt pools were recorded for each of the nine power-speed combinations: far
more than could be checked manually, as had been done for each of the single-line experiments.
Therefore, a fully automated method of searching for the intensities that corresponded to the second-

derivative peaks was devised.

Firstly, the cooling curve had to be extracted. In the single-line experiments, where all tracks had
been vertical and unidirectional, the centerline of each melt pool could easily be found. This was not
so easy in the current experiment, where the direction of a melt pool may not have been clear (in the
case of the 67° rotation square), or the melt pool may not be longer than it is wide (in the case of the

triangle tip), or the melt pool may be curved (in the case of the circle).

Designing a MATLAB script that could automatically identify the centerline of the melt pool, in its
direction of travelling, would have been very difficult. This process could be avoided, however, since
it was not necessary to extract ‘the’ cooling curve from each melt pool, but rather ‘a’ cooling curve (or
a temperature-position curve to be exact): any line of intensities, extending outward from the pool’s
peak intensity, should in theory capture the liquidus-intensity and associated second-derivative

peaks.

In order to find ‘a’ cooling curve, that should contain the required data, the peak intensity of each
melt pool was found, and 360 lines extending outward from it, in 1° steps, were searched. The line
that extended the longest, before intensity dropped to below 300, was chosen as the cooling curve.
The intensities of all the pixels that lay beneath this line were extracted. Figure 4.47 shows this
process for two different melt pools, one from the square (at 1000 mm/s and 150W) and one from

the circle (at 1500 mm/s and 200W).

In Figure 4.47, the red line shows the path of the extracted cooling curve, starting at the highest pixel

intensity, then proceeding to the melt pool edge.

Based on the single-line experiments, it was assumed that the liquidus-intensity should lie within
the 400 to 600 range. This section of the extracted cooling curve was then analysed, starting from
the first point that intensity fell below 600, and ending with the first point that intensity fell below
400. This segment was then smoothened, and its second-derivative was calculated, using the same
method as described for the powder-free single-line tracks. Each peak in the second derivative that
had a prominence (i.e. height difference between it and its nearest trough) of at least five was
identified, and cross referenced with its corresponding intensity. For the two melt pools in Figure

4.47, this resulted in the identified intensities demonstrated in Figure 4.48.
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Figure 4.47
Cooling curves, as extracted from a melt pool from the square, and from the circle
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Normalised Melt Pool Length

The second-derivative method being applied to the square and circle melt pools shown previously
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The identified intensities, each which may possibly correspond to the liquidus-intensity, were 429,
575, and 579 for the melt pool from the square, and 497, 542, 568 for the melt pool from the circle.
It was hypothesized that, by extracting possible liquidus-intensities like this, from each of the 3146
melt pools recorded, across all nine power-speed combinations, and plotting them on a histogram,

the shape of the distribution might reveal which is the ‘real’ liquidus-intensity.

This calculation was performed. An average of 4.3 intensities were extracted from each of the 3146

melt pools, for 12,678 in total. The histogram plotted from these is shown in Figure 4.49.

Distribution of Intensities, N = 12,678
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Figure 4.49
A histogram of all the possible liquidus-intensities identified from all power-speed combinations, in all

shapes

As can be seen, the distribution is almost uniform, or very-slightly normal. Slight peaks could be
argued to exist around the intensities of 450, 480, or 520, although it would be difficult to conclude

from the histogram that any single intensity should be considered the ‘correct’ liquidus-intensity.

4.7.3 - Conclusion on Bypassing Emissivity

In the case of the powder-free single-line tracks, it was quite straightforward to identify a mean
liquidus-intensity of 538.52, with a standard deviation of 23.48. In the case of the single-line tracks
on powder, it was less straightforward, although still possible, to identify a mean liquidus-intensity
of 501.75, with a standard deviation of 27.52. In the ‘real-world’ case of building simple shapes
however, with more complex scan strategies and geometries, no single liquidus-intensity could be
identified.
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The fact that a liquidus-intensity can only be obtained when performing single-line tracks, combined
with the fact that any liquidus-intensity identified for single-line tracks may not hold for more

complex builds, means that the entire second-derivative method should be viewed with skepticism.

Therefore, for the remainder of this work, the temperature-conversion method, using a fixed
emissivity value, will be used. It must be understood that, due to this limitation, all melt pool
dimensions and extracted temperatures should be considered appropriate for comparison with other
dimensions and temperatures from the same experimental setup, but not appropriate as absolute

and accurate values.

4.8 - Comparing to Ex-Situ and Modelling Methods

In order to test the fidelity of thermal camera results to ex-situ measurements of melt pool
dimensions, made with the optical microscope, a set of single-line, powder-free scans were made on
a rolled IN-718 plate. The plate was positioned to be level with the build chamber, and the camera
was focussed on it, with the line of focus at the centreline of the frame. The 512px frame was used,

at 400fps. Lines of all 25 combinations of the power and speed shown in Table 4.12 were scanned.

Table 4.12

The power-speed combinations

Velocities [mm/s] Powers [W]

500, 750, 1000, 1250, 1500 | 100, 125, 150, 175, 200

Three repeats of each combination were scanned, with vectors spaced 0.5mm apart. The Netfabb
design for the test is shown in Figure 4.50. The three repeats were spaced evenly across the build

(i.e. one set is on the left, one in the middle, one in the right).

Figure 4.50
The Netfabb design for the comparison test

As can be seen from Figure 4.50, not all vectors lay inside the camera frame. Therefore, simply

scanning them left to right would have resulted in uncertainties, when it came to working out which
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images corresponded to which vector. To prevent this, all three repeats for each vector were scanned
in order (i.e. leftmost 100W - 500 mm/s, centre 100W - 500 mm/s, rightmost 100W - 500 mm/s,

leftmost 125W - 500 mm/s, centre 125W - 500 mm/s, etc).

4.8.1 - Thermal Camera Results

After the build was complete, the melt pool images were analysed using the same methods described

in previous sections:

=

The images were sorted into stacks of each power-speed combination
The intensity-temperature conversion was applied
Any pixel below 1336°C or not attached to the melt pool was set to zero

Any melt pool that did not entirely fit within 2.5mm above/below the centerline was ignored

AN SRS

The dimensions and temperature profiles of the remaining melt pools were recorded

As a reminder, all melt pool lengths have been adjusted to account for motion blur, as described in a
Section 4.4. That is why melt pools at higher speeds (which appear longer in thermal images) will
often report as having smaller lengths. Table 4.13 shows the number (N) of extracted melt pools for
each power-speed combination, plus the means (M) and standard deviations (SD) of their lengths

(L), and widths (W). All dimensions are in um.

Table 4.13
The thermal camera dimensions for each power-speed combination
Speed 500 mm/s 750 mm/s 1000 mm/s 1250 mm/s 1500 mm/s

Power M SD M SD M SD M SD M SD
N 10 8 7 6 3

100W L 78.69 28.61 | 71.10 27.33 | 80.38 24.25 | 88.43 | 19.06 | 59.29 | 19.55
w 25.79 8.01 36.52 13.45 | 26.81 9.18 29.69 | 11.08 | 28.43 | 9.51
N 11 8 7 5 3

125W L 119.79 | 36.11 | 79.65 23.88 | 100.81 | 33.58 | 67.60 | 19.28 | 66.12 17.15
w 44.19 8.87 30.58 9.06 38.59 9.59 27.90 | 8.90 30.60 | 10.41
N 10 8 7 6 3

150W L 141.60 | 38.70 | 121.36 | 34.82 | 104.51 | 38.27 | 98.58 | 39.08 | 87.67 | 23.86
W 55.47 19.77 | 40.29 8.57 42.93 14.87 | 20.41 9.60 23.60 | 6.30
N 11 8 6 6 2

175W L 12981 41.61 145.11 | 52.47 116.99 | 29.98 85.41 | 30.74 89.49 | 22.17
w 49.87 | 15.49 56.50 | 13.85 44.33 13.93 40.93 10.75 28.32 7.81
N 11 8 6 6 3

200W L 160.57 | 62.81 | 132.24 | 41.89 | 133.21 | 35.50 | 105.62 | 22.13 | 94.32 | 27.17
W 63.27 16.22 | 57.76 16.87 | 49.14 14.12 | 44.93 | 13.28 | 37.17 14.37
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The surface plots in Figure 4.51 show the mean widths and lengths from Table 4.13, for all powers
and speeds. It is clear that, despite some fluctuations due to the stochastic nature of L-PBF, the

general trend (larger melt pool dimensions at greater energy levels) holds as expected.
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The widths and depths according to the thermal camera

4.8.2 - Optical Microscopy Results

After the build, the rolled IN-718 plate was sectioned, mounted, ground, polished, and etched.
Sectioning was done in a way to ensure that at least 5 (and in most cases 6) repeats of each power-

speed combination was visible upon the polished surfaces, as shown in Figure 4.52.

Cut3
Cut2

Sample 1 Sample 2 Sample 3
IN-718 Plate
Cutl
(Horizontal)
Scan Track
—— Sectioning Cut
Sample 4 Sample 5 Sample 6
I Cut4 Cut5
Figure 4.52

A schematic of the way the IN-718 plate was cut
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Images were taken of each visible melt pool with the optical microscope. Outlines were drawn
around each melt pool boundary, using a Huion Inspiroy H640P graphics tablet and stylus. This
was performed manually, rather than with an automated script, due to the nature of the images.
Creating a MATLAB function that was robustly capable of determining melt pool boundaries from
grain and cell boundaries, or scratches and other such imperfections, proved to be an unnecessarily
complex task. Due to the number of repeats, it was assumed that manual segmentation errors would

be mitigated.

Once the outlines were extracted, A MATLAB script was written to smooth them, using a Gaussian-
weighted average with a window of 100 pixels below the surface, and a window of 400 pixels below
the surface. Figure 4.53 shows: one of the 500 mm/s - 200W melt pool images; the outline as drawn
by the graphics tablet; the smoothed outline; and the 6 outlines from all repeats, superimposed onto

each other.

(b)

(c)

100 um

Figure 4.53
An optical image of a 500 mm/s - 200W melt pool (a); the outline of the melt pool (b); the smoothed outline

(c); the outlines of the six repeats superimposed onto each other (d)

Table 4.14 shows the number (N) of melt pools for each power-speed combination identified via
optical microscopy, plus the means (M) and standard deviations (SD) of their depths (D), and widths
(W).
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Table 4.14

Optical microscopy dimensions from each power-speed combination

Speed 500 mm/s 750 mm/s 1000 mm/s 1250 mm/s 1500 mm/s
Power M SD M SD M SD M SD M SD
N 6 6 5 6 6
100W w 53.19 17.24 | 54.07 15.78 | 58.10 19.86 | 39.03 8.53 43.29 | 12.53
D 94.47 28.12 | 91.38 24.70 | 83.88 2212 | 77.81 16.11 | 74.57 | 22.47
N 6 6 6 5 6
125W w 64.45 17.96 | 57.57 19.58 | 60.37 19.20 | 44.66 14.90 | 51.72 | 18.90
D 139.22 | 40.51 | 127.02 | 36.83 | 110.21 | 33.24 | 100.56 | 30.15 | 82.24 | 30.93
N 6 6 6 6 6
150W w 88.48 18.86 | 64.65 14.89 | 73.37 23.87 | 69.05 19.21 | 50.39 | 16.79
D 138.45 | 35.90 | 118.51 27.67 | 142.04 | 45.66 | 87.40 29.01 | 88.31 | 26.98
N 5 5 6 6 6
175W w 99.37 32.52 | 76.57 27.40 | 77.65 19.17 | 59.51 20.70 | 53.12 | 12.50
D 221.44 | 85.51 | 151.90 | 40.66 | 157.95 | 54.66 | 110.28 | 27.55 | 77.32 | 16.48
N 6 5 6 6 5
200W w 127.87 | 31.09 | 75.95 16.14 | 68.33 18.84 | 67.32 13.56 | 52.08 | 19.11
D 201.84 | 76.42 | 181.25 | 65.14 | 166.03 | 62.38 | 136.98 | 41.07 | 82.31 | 24.07

The surface plots in Figure 4.54 show the mean widths and depths from Table 4.14, for all powers
and speeds. Again, despite some fluctuations due to the stochastic nature of L-PBF, the general trend

holds as expected.
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The melt pool widths and depths, according to the optical microscope
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4.8.3 - Modelling Results

Each of the single-track, powder-free scans were simulated in the ThermoCalc AM Module. The

lengths, widths, and depths of the simulated melt pools are shown in Table 4.15.

Table 4.15
ThermoCalc dimensions for each power-speed combination
Power Speed 500 mm/s 750 mm/s 1000 mm/s | 1250 mm/s | 1500 mm/s
L 126.6 116.1 125.7 103.9 102.9
100W w 48.8 44.5 44.4 41.0 37.4
D 52.0 49.9 51.7 39.3 43.1
L 145.2 144.2 138.1 114.9 109.8
125W w 56.0 57.6 46.8 43.6 39.7
D 78.4 72.0 58.7 51.9 40.5
L 163.1 154.4 155.4 141.5 119.4
150W w 68.6 55.7 49.4 45.7 39.3
D 96.3 88.2 70.4 55.8 44.6
L 206.8 182.4 166.1 145.9 108.8
175W w 72.2 71.9 60.6 54.2 41.1
D 111.5 103.1 79.1 70.4 48.3
L 202.0 178.8 179.9 134.1 125.7
200W w 83.2 73.7 64.4 55.5 48.0
D 127.3 112.9 99.4 71.1 56.4

The surface plots in Figure 4.55 show the widths, lengths, and depths from Table 4.15, for all powers
and speeds. Due to the nature of modelling methods, this surface is far less turbulent than the

previous sets.
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The melt pool dimensions, according to ThermoCalc
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4.8.4 - Data Comparison

In Figure 4.56, measurements for melt pool lengths, widths, and depths, from each of the three

sources, are plotted against each other.
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Figure 4.56
A comparison of the melt pool length, width, and depth measurements, according to the three different

methods
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As is clear from the graphs, there exists strong fidelity between the optical microscopy results, and
the modelling results. The thermal camera results, however, significantly under-predict both melt
pool length, and melt pool width, in comparison to the other two methods. It is possible that the
reason for this is due to the fixed emissivity value making the melt pool area seem smaller than it is

in reality. This hypothesis will be discussed in the Future Work chapter.

This finding again suggests that, although the thermal camera can point out trends in data from
similar experimental setups, its ability to provide definitive values is limited. The value of such

trends will be evaluated in further chapters.

4.9 - Camera Capability Conclusions

The strengths and weaknesses of the thermal camera were assessed, and it was determined that
valuable information about the melt pool and solidification process could be learned from thermal
images, so long as the necessary compensations, adjustments, and limitations were implemented

and respected.

Throughout the remainder of this work, all MATLAB scripts that analyse thermal images should be

assumed to make the following adjustments:

1. Whenever a dimension is being converted from pixels to micrometers, the angle of the
dimension will be calculated, by finding the angle of the long axis of the melt pool that the
dimension belongs too. The conversion factor used will vary between 19.4 um/px (when the
dimension is horizontal relative to the frame) and 20 um/px (when the dimension is vertical).

2. When melt pool areas are being converted from square pixels to square micrometers, the
mean of the two factors will be taken for simplicity (i.e. k. = 19.72 um2/px2).

3. Motion blur is accounted for in all melt pool lengths, by subtracting 1.3V from the recorded
dimension, where V is the laser speed in mm/s.

4. The peak temperature of a melt pool is increased by 6% for every mm (50 pixel rows, as per
the previous conversion) that its centroid appears above/below the frame’s central row.
Likewise, the mean temperature is increased by 5% / 50 rows, and widths are decreased by
5% / 50 rows. It is understood that this adjustment may introduce errors, due to the
possibility that different experimental setups and machine parameters may require slightly
different percentage increases or decreases. Since performing this characterisation for each
new setup was unfeasible, however, and not applying any adjustments would definitely lead

to large errors, the method was used as a best available option.
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Based on the evaluation experiments laid out in Section 4.6, the strengths and limitations of the
camera have been determined. The camera was found to be highly adept at describing melt pool
thermal signatures influenced by vector length, and by pause durations that allowed for material
cooling. The camera struggled to detect changes in thermal signatures caused by heat sink volume,
or insulating powder. The small size of the data sets from which these determinations were made,

however, must be noted.

It was found that, despite the clear theoretical limitations of using a fixed emissivity conversion
factor to calculate pixel temperature from intensity, in practice this method is the only viable option
for this experimental setup. The stochastic nature of melt pool thermal signatures caused far too
much random fluctuation in the second derivative of the cooling curve, for it to be applicable to

bypass emissivity.

Comparison with ex-situ and modelling results showed that the thermal camera systematically
under-predicted both length and width measurements, likely due to a combination of all the factors
outlined previously. Therefore, thermal camera measurements should be considered valuable for
highlighting trends in thermal signatures, rather than taken as an absolute measure of any

dimension or metric.
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5 - In-Situ Monitoring and Microstructure

This chapter details an experiment that was planned with the intention of establishing a link between
the thermal signatures of a melt pool, and the microstructure and mechanical properties that result
from the pool’s solidification. It was theorised that, by predicting from first-principles the ways in
which build parameters will affect the thermal gradient and solidification velocity of a set of cubes,

it would be possible to predict the as-built grain structure that will develop.

In order to test this hypothesis, ABD-900 AM cubes of various sizes and parameters were built on
the Aconity LAB, and monitored with the thermal camera. After the cubes were built, optical

microscopy, hardness testing, SEM analysis, and EBSD microscopy was carried out.

5.1 - Experimental Setup

Nine sets of geometrically-identical cubes were built, as shown in Figure 5.1. Each set consisted of
six 3mm x 3mm x 5mm (XYZ) cubes, shown in red, four 5mm x smm x 5mm, shown in green, and

one 10mm x 10mm x 5mm cube, shown in yellow. The numbers superimposed on the squares show

: -
11
- - l

Figure 5.1

the order of scanning.

A schematic of the layout of the 11 cubes, and their order of scanning

The six 3mm cubes, and the four 5mm cubes, are touching each other but not overlapping (in order
to fit all 5mm cubes in the frame, and to ensure consistency with the 5mm cubes, in the case of the
3mm cubes). All builds were performed with a laser power of 360W, and a laser speed of 1050 mm/s.
These parameters were selected based on the work of Dr Minh Phan, who ran similar cube tests to
those outlines in Section 6.1, and determined that this power-speed combination could result in full

density, keyhole porosity, or LoF porosity, depending on other factors.

The two variable parameters were the layer heights and hatch spacings. One build was performed

with each combination of the values in Table 5.1.
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Table 5.1

The layer height and hatch spacing combinations

Layer Heights [um] | 40, 60, 80

Hatch Spacings [um] | 40, 80, 120

Assuming that, within each of the nine builds, each repeated cube may be considered identical, this
provides 27 different data sets (i.e. three layer heights, times three hatch spacings, times three scan
lengths). A bi-directional scanning pattern was used, alternating between vertical and horizontal

every layer.

After the builds were completed, the cubes were all removed from the base plate. It was found that
the weak bonds between the six 3mm cubes, and the four 5mm cubes, often separated during the
EDM process. Where they did not separate during EDM, they were split with gentle pressure from

two pairs of pliers.

From each build, cube 1 (3mm), cube 7 (5mm), and cube 11 (10mm) were each selected for ex-situ
analysis. The cubes were sectioned along their centreline, parallel to the Y axis (i.e. horizontally in
the CAD images shown above). The samples were mounted in Bakelite, with the sectioned surface
facing downwards. The surfaces were ground and polished according to the previously-described

recipe. Once the surfaces had a mirror-finish, they were:

1. Analysed with the optical microscope

Analysed with the EBSD

Etched, according to the method previously-described
Analysed with the optical microscope again

Analysed with the SEM

AR SR S

5.2 - Data Gathering

A large quantity of data was extracted from the builds, both in-situ and ex-situ, with the intention of
revealing the meso-structural, microstructural, and mechanical properties of each cube. The
methods of data gathering will be described here, with the data itself being presented and analysed

in a further subsection.

5.2.1 - Thermal Camera

The builds were each recorded with the 512-pixel thermal camera frame, recording at 400fps, and

focussed at the frame’s centreline.
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Four layers were recorded in each of the nine builds:

1. A few layers before the 3mm build height (approximately layer 73 for the 4oum layer height
builds, approximately layer 48 for the 6oum builds, etc.), when scanning was horizontal

2. A few layers after the 3mm build height, when scanning was vertical

3. Afew layers before the 5mm build height, when scanning was horizontal

4. The final layer at 5mm (or the layer before), when scanning was vertical

Due to the fact that the orientation of each layer’s scanning pattern depended on the layer height,
and the amount of time the thermal camera took to save a layer of images depended on hatch spacing,

the exact layers at which each of the four recordings occurred was not exact and repeated.

Between 683 and 3172 images were recorded, for each of the 108 cases (9 builds x 3 cube types x 4

recorded layers).

Figure 5.2 shows an example melt pool, extracted from the 10mm cube of Build 7, at the 3V recording,

with the intensity-temperature conversion and a colour grading applied.

2200°C

1500°C

800°C

Figure 5.2

An example melt pool, before thresholding was applied

The following types of data can be extracted from each individual melt pool image:

e Maximum temperature + Mean temperature
e Width » Length
e Area » Aspect ratio

e Thermal gradients (front, back, left, right) « Cooling rates (implied from laser speed)

¢ Quantity of spatter » Centroid location
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By analysing the sequence of images from each cube, the following can additionally be extracted:

e Means and standard deviations for each of the aforementioned quantities
e Regions of heat accumulation

¢ Thermal histories of single pixels

5.2.2 - Optical Microscopy

Before etching, each of the 27 cubes were analysed with the optical microscope, in order to search
for porosity. Figure 5.3 shows the 10mm cube from Build 9, which experienced huge LoF porosity

due to its 8oum layer height, and 120um hatch spacing.

Figure 5.3

An optical image of a surface with much LoF porosity (Build 9, iomm length, Soum layer, 120um hatch)

From these images, the following data could be extracted:

e Total density « Number of pores

e Mean pore area and standard deviation « Mean pore circularity and std. deviation

After etching, the 27 cubes were analysed again with the optical microscope, in order to gain a semi-
subjective understanding of the extent of epitaxial grain growth within each. A square of
approximately 1.1mm x 1.1mm was image, located at the centre of each surface. Figure 5.4 shows

the image of the smm cube from Build 5 (6oum layer height, 8oum hatch spacing).
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Figure 5.4

An optical image of an etched surface, showing grains stretching across melt pool boundaries (Build 5,
1omm length, 6oum layer, 8oum hatch). Some melt pool boundaries are annotated in red, and some

possible grain boundaries are annotated in green.

Although difficult to quantify systematically, it is evident from this image that grains are growing
through melt pool boundaries, as demonstrated by the fact that patches of visually-similar

crystallographic texture are overlaid with the elongated curves of boundaries.

523 -SEM

Images were taken from the centre of each of the 27 etched surfaces, at an electron beam accelerating
voltage of 10 keV and a working distance of between 10 and 12mm. The intention was to analyse the
sizes of sub-grain features (henceforth called cells). Figure 5.5 shows the image recorded of the
1omm cube, from Build 2. A MATLAB script was written, to find the cell sizes. The code first
converted the SEM images to binary by normalising all pixels and using a threshold value of 0.5,
then searched through every point in a 20-pixel x 20-pixel grid overlaid on the image. At each point
that did not lie on a boundary, lines were extended outwards searching for the nearest cell boundary.
The length of each line was found, and the minimum of these lengths was chosen as the cell width.

The diagram in Figure 5.6, extracted from the same image as Figure 5.5, demonstrates this process.
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Figure 5.6

A schematic demonstrating the grid and arms search method within each SEM image (Build 9)
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In Figure 5.6, the two red and yellow dots are points that have been selected by the 20px x 20px grid.
The rightmost point landed on a cell boundary (white), so is ignored. The leftmost point extends
pairs of arms outwards (in angle steps of 22.5°), until a boundary is contacted. It is determined that
the horizontal pair of arms is the shortest, and therefore their combined length is recorded as the cell
width.

It was understood that this semi-random method of selecting points to analyse, would introduce
some error. Of the 36,000 points searched in each image, some fell in the corner of cells, where the
arms only had to extend a few pixels to have found boundaries. In order to prevent such results from

skewing the findings, two methods of data cleaning were applied.

First, outliers were removed from the list of cell widths using the inter-quartile range (IQR) method.
Any width was removed that fell outside the bounds of Q1 - (1.5 x IQR), or Q3 + (1.5 x IQR). This
removal largely affected only outliers that were too big. Secondly, the histogram of remaining widths
was analysed. In every case, there existed a significant peak at the very left of the graph, disrupting

what would otherwise be a normal distribution, as shown in Figure 5.7.
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Figure 5.7
The distribution of the cell width measurements, before filtering is applied

The fact that this peak at the lowest widths existed in all 27 distributions, regardless of the mean or
variance of the rest of the shape, and regardless of how large or small cells visually appeared in the
SEM image, strongly suggested that it was an artefact of these small-corner search points described
previously. Based on visual inspections of both the histograms and arm pairs within the images, it
was reasoned that any width smaller than 50nm could be assumed to be an artefact, and should be
removed. This removal, performed on the same data set as Figure 5.7, yielded the normal

distribution shown in Figure 5.8.
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The distribution of the cell width measurements, after filtering is applied

Once normal distributions had been found for each cube, the means and standard deviations of the

cell sizes could be calculated.

Using the same methodology, a value for cell long-axis was calculated. Instead of recording the
shortest value for arm-pair distance, the longest value was recorded. Histogram bins were then

reduced to create normal distributions.

There existed extreme variability in these length measurements. Consider the example in Figure 5.9,

cropped from the binary image of the Build 4, 5mm cube.

Figure 5.9

An example binarised SEM image, showing extreme variation in cell lengths
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It would clearly be incorrect to claim that the cells in the upper-left experienced uninterrupted
growth to a much greater extent than the cells in the lower-right. Instead, the plane at which the
sample has been cut is parallel to the growth direction of the cells in the upper-left, and perpendicular

to that of the cells in the lower-right.

Cell long-axis measurements were therefore not used to estimate actual cell growth, but rather
combined with cell widths to estimate cell aspect ratios, which in turn were used to imply growth

directions.

After IQR outlier removal and histogram bin reductions were applied to both width measurements
and length measurements, the values that remained in each corresponding data set were paired back
up (i.e. resulting in only the width-length pairs where neither measurement was filtered out). The
aspect ratios were calculated for all the remaining pairs. The standard deviation of these aspect
ratios was taken as a useful gauge of the variation of growth directions throughout the imaged surface
(i.e. images with high aspect ratio standard deviations likely encompass more growth directions than

images with low aspect ratio standard deviation).

5.2.4 - Hardness

Five hardness measurements were taken from each of the 27 surfaces, according to the Vickers
method, applying 1kg. The five measurement points were taken from the centre of each sample, with
points spread out across a space of approximately 50o0um x 500um. Care was taken to make sure

that none of the points interacted with porosity or similar mechanical defects.

5.25 -EBSD

At the centre of each of the 27 samples, 24 EBSD maps were recorded in a 4 x 6 grid with 10% overlap
area. Each map had a size of 510um x 350um (1025px x 705px). Stitched together, the total image
map had a size of 1.80mm x 1.93mm (3793px x 3876px). The beam had an accelerating voltage of
30KV, a step size of 0.5um, a working distance of 25.8mm, and an average indexing rate (excluding

pores) of 99.6%.

Figure 5.10 shows the Y-orientated inverse pole figure, for the same sample as Figure 5.7 (Build 2,

iomm).
The following data was extracted for each grain, from every EBSD image:

e Grain size  Grain aspect ratio
e Grain orientation « Inter-granular misorientation

e Intra-granular misorientation, known as Gran Average Misorientation (GAM)

By mapping the grain sizes, aspect ratios, and orientations, it was possible to create heatmaps to

determine the global anisotropy within the samples.
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Figure 5.10

An example EBSD image, showing the grains of Build 2 (40 um layer height, 80 um hatch spacing), 1omm

cube

5.3 - Data Analysis

For each of the 27 samples, an extremely large amount of data existed to be analysed.

Table 5.2 summarises all these different parameters and statistics, and also notes if each is a global
data type (applies to the entire sample), or a local type (and therefore has an associated mean,

standard deviation, histogram, etc.).

Before data analysis began, a set of hypotheses were drawn up, to be systematically tested for each
of the aforementioned data types. A fundamentals-first approach was taken, beginning with the
effects of the build parameters on the positioning of the solidification within the GR diagram, as

shown in Figure 5.11.
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Table 5.2

The parameters extracted for each cube

Data Type Data Global | Local
Scan Length (cube size) v
Hatch spacing v
Build Parameters
Layer Height v
Dimensionless Numbers v
Peak Temperature v
Mean Temperature v
Melt Pool Length v
Melt Pool Width v
Thermal Camera | Melt Pool Area v
Melt Pool Aspect Ratio v
Thermal Gradient v
Cooling Rates v
Spatter Quantity v
Sample Density v
Number of Pores v
Optical Microscope
Pore Areas v
Pore Circularity v
Cell Size v
SEM
Cell Aspect Ratio v
Hardness Testing | Hardness v
Grain size v
Grain Aspect Ratio v
EBSD Grain Orientation v
Inter-Granular Misorientation v
Grain Average Misorientation v
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G/R determines morphology
of solidification structure

GxR determines size of

solidification structure

Temperature gradient, G

Growth rate, R

Figure 5.11
The GR solidification diagram, showing how Growth Rate and Thermal Gradient determine

microstructure size and morphology [115]

It was reckoned that the effects on Growth Rate and Thermal Gradient would be as follows:

As scan length increases, return time will increase. Therefore, the solidified material to the
side of the melt pool will be cooler. Therefore, thermal gradient will increase. Growth Rate
will be unaffected. On the GR diagram, solidification shifts upwards: from large and equiaxed
towards fine and cellular.

As hatch spacing increases, the amount of solidified material that is being re-melted on the
next hatch will decrease. Therefore, each vector will be encountering less heated solid, and
more ambient-temperature powder. Therefore, thermal conduction will decrease, resulting
in an increased thermal gradient, and a decreased growth rate. On the GR diagram,
solidification shifts upwards and leftwards: from equiaxed towards cellular, with an
undetermined effect on grain size.

As layer height increases, the amount of ambient-temperature powder that the melt pool
contacts will increase. Therefore, thermal conduction will decrease, resulting in an increased
thermal gradient, and a decreased growth rate. On the GR diagram, solidification shifts
upwards and leftwards: from equiaxed towards cellular, with an undetermined effect on grain

size.

Based on these fundamentals, the predicted effects on every data point from each source was

considered.

Thermal camera predictions:

e As scan length increases, melt pools will become shorter, narrower, and exhibit lower

peak and mean temperatures, due to their cooler surroundings.
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e Ashatch spacing increases, melt pools will become longer, wider, and exhibit higher peak

and mean temperatures, due to lower thermal conduction.

e As layer height increases, melt pools will become longer, wider, and exhibit higher peak

and mean temperatures, due to lower thermal conduction.

Optical microscope predictions:

At higher volumetric energy densities (small scan length, hatch spacing, and layer
height), some keyhole porosity will cause lower density.

At lower volumetric energy densities (larger scan length, hatch spacing, and layer
height), large amounts of LoF porosity will cause lower density.

At medium volumetric energy densities, higher densities will be achieved.

SEM predictions:

As thermal gradients increase (i.e. as scan length, hatch spacing, and layer height
increase), more rapid solidification will lead to smaller cell sizes, and greater local
anisotropy.

As thermal gradients decrease (i.e. as scan length, hatch spacing, and layer height

decrease), slower solidification will lead to larger cell sizes, and less local anisotropy.

Hardness test predictions:

As greater thermal gradients lead to small cell sizes, hardness will increase.

As lower thermal gradients lead to larger cell sizes, hardness will decrease.

EBSD predictions:

As thermal gradients increase (i.e. as scan length, hatch spacing, and layer height
increase), more rapid solidification will lead to smaller grain sizes, and greater global
anisotropy, as demonstrated by Hagenlocher [322].

As thermal gradients decrease (i.e. as scan length, hatch spacing, and layer height
decrease), slower solidification will lead to larger grain sizes, and less global

anisotropy.

These predictions will now be systematically tested. In all of the charts presented in this subsection,

error bars, where presented, refer to the standard deviations of all measurements.

In cases where the data found in the charts was considered to not add insight, the charts and

discussion have been moved to the Appendix.

5.3.1 - Thermal Camera Analysis

In each sequence of images, the melt pools that corresponded to each type of square were identified
and separated. The intensity-temperature conversion was applied, and each melt pool image was
thresholded at 1380°C (the liquidus temperature of ABD 900-AM). The length, width, peak
temperatures, and other statistics of the melt pools were extracted. For each of the 108 recordings

(9 builds x 3 cubes x 4 layers), outliers were identified using the inter-quartile range (IQR) method.
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Melt pools were removed from the dataset which had a width, length, or peak temperature outside
the bounds of Q1 - (1.5 x IQR), or Q3 + (1.5 x IQR). After these outliers were removed, between 1750

and 7582 melt pools remained, for each of the 27 cubes.

5.3.1.1 - Melt Pool Length

After each melt pool was identified using thresholding, it was analysed using MATLAB’s inbuilt
REGIONPROPS function. This function fitted an ellipse to the melt pool, and measured the major
axis of the ellipse. These measurements were taken as the melt pools’ lengths, and are shown in
Figure 5.13. In cases where a long, narrow tail of above-threshold pixels extends from the tail of the
melt pool, the fitted-ellipse may not include this details, therefore making the length appear shorter
than it actually is. It was reasoned that the large numbers of melt pools being analysed would

compensate for these possible errors.

1o0pum

As can be seen from row (1) of the charts, melt
pool length very consistently decreases as
scan length increases. These findings match

the expectations that longer scan lengths will

result in greater thermal conduction, and

therefore smaller melt pools.

As can be seen from row (2) of the charts, the

effects of hatch spacing on scan length are

inconsistent. It was expected that larger Figure 5.12

hatch spacings would lead to lower thermal A melt pool from Build 9, showing the pixels above
conduction, and therefore larger melt pools. threshold temperature (yellow/orange), the fitted
In many cases, the opposite is true: pool ellipse (blue), the major axis (red), and the minor axis

length decreasing with hatch spacing. (black)

One possible reason for this is that, at lower hatch spacings, the material (both powder and solid) in
a melt pool’s path has been preheated by the previous hatch, to a greater extent. As hatch spacing
increases, and therefore preheating decreases, melt pools may therefore encompass less overall heat,

leading to lower melt pool lengths.

This alternative theory of the effects of hatch spacing (i.e. greater hatch spacing means lower
preheating, which means lower heat), is contrary to the primary theory that has been suggested thus
far (i.e. greater hatch spacing means lower thermal conduction, which means higher heat). The

validity of this alternative theory will be kept in mind in all further analysis in this section.

As can be seen from row (3) of the charts, melt pool length consistently rises as layer height is
increased. This trend matches the expectation that at greater layer heights thermal conduction is

reduced, and therefore melt pool length increases.
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Effect of Machine Parameters on Melt Pool Length
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5.3.1.2 - Melt Pool Area

The number of pixels in each melt pool was recorded, and used to calculate the area of the melt pool,

as shown in Figure 5.14.

Effect of Machine Parameters on Melt Pool Area
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As can be seen in row (1), melt pool area consistently decreases as scan length increases. This trend
matches the expectation that longer scan lengths lead to increased thermal conduction, which in turn

leads to small melt pools.

As can be seen in row (2), melt pool area generally increases as hatch spacing increases. This trend
largely matches the primary hatch spacing theory, which suggests that as hatch spacing increases,

thermal conduction decreases, and therefore melt pool area increases.

As can be seen in row (3), melt pool area consistently increases as layer height increases. This trend
matches the expectation that as layer height increases, thermal conduction will decrease, and

therefore melt pool area will increase.

5.3.1.3 - Melt Pool Aspect Ratio

The aspect ratio of each melt pool was calculated by dividing the length by the width (both of which

were determined by the fitted ellipse method). The aspect ratios are shown in Figure 5.15.

As previously discussed, the expected trends for melt pool widths and lengths held quite consistently
(increased scan length led to decreased length and width; increased hatch spacing generally led to
increased length and width; increased layer height led to increased length and width). What the
charts in Figure 5.15 reveal, is that the rates at which these parameters change the widths, and the

rates at which they change the lengths, vary significantly.

As can be seen from row (1), when melt pools shrink (in both length and width) as scan length
increases, their widths decrease more rapidly, leading to pools with greater aspect ratios. As can be
seen from row (2), when melt pools grow as hatch spacing increases, their widths increase more
rapidly, leading to pools with lower aspect ratios. As can be seen from row (3), when melt pools grow

as layer height increases, their lengths grow more rapidly, leading to pools with greater aspect ratios.

The reasons that increases and decreases in scan lengths and hatch spacings affect width more than
length, while increases and decreases in layer height affect length more than width, are reckoned to
be due to the differences in the manner of heat conduction out of the melt pool. Increasing or
decreasing either the scan length or hatch spacing, will primarily alter the phase and temperature of
the material laterally adjacent to the melt pool. Therefore, these parameters affect pool width to a
greater extent than they affect length. Increasing or decreasing layer height, however, will primarily
alter the phase and temperature of the material below the melt pool, changing the duration required
for solidification. Therefore, this parameter affects pool length to a greater extent than it affects
width.
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Effect of Machine Parameters on Melt Pool Aspect Ratio
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5.3.1.4 - Melt Pool Tail Thermal Gradient

The temperature profile of the long axis of the fitted ellipse was extracted for each melt pool. It
should be noted that this axis did not necessarily contain the pixel of peak temperature, but it was

reckoned that it would still serve as a suitable measure of thermal gradients.

The mean thermal gradient of the tail of the axis (i.e. from its pixel of maximum temperature to its

end) was recorded, and plotted against machine parameters in Figure 5.16.

As can be seen in row (1), the thermal gradient quite consistently increases with increasing scan
length. This trend matches the expectation that increasing scan length will increase thermal
conduction, and therefore increase the rate at which temperatures fall, moving from the centre of the
melt pool outwards. The trend does not hold in the case of the 120um hatch cubes: in each of these
sets, thermal gradient falls as scan length increases from 3mm to 5mm, then rises again as the scan

length is increased to 1tomm. No theory was suggested as to why this might be the case.

As can be seen in row (2), the effect of hatch spacing on thermal gradient is inconsistent. For the
3mm cubes, thermal gradient increases as hatch spacing increases. This trend matches the primary
theory of hatch spacing, whereby increases in hatch spacing lead to lower thermal conduction, which
in turn leads to greater thermal gradients. For the 5mm and 1omm cubes, however, no clear trend
exists. It could be the case that, as scan length increases, the alternative theory of hatch spacing (i.e.
that increased hatch spacing leads to less preheating, and therefore lower heat accumulation, and

lower thermal gradients) may become more dominant.

As can be seen in row (3), thermal gradient very consistently decreases as layer height increases.
Initially, this trend appears counterintuitive. As has been demonstrated in previous charts,
increasing the layer height leads to lower thermal conduction, due to the lower conductivity of
powder vs solid, and therefore greater heat accumulation and peak temperatures. Therefore, greater
thermal gradients might be expected. It is the fact that this lower conduction leads to an increased
melt pool size, however, that counteracts the greater temperatures. It appears that as layer height
increases, both the temperature difference and rear length of the melt pool increase, with the latter

increasing more rapidly than the former, in a manner that makes the thermal gradient decrease.
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Effect of Machine Parameters on Tail Thermal Gradient
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5.3.2 - Optical Microscope Analysis

Each optical microscopy image was analysed using custom-built MATLAB scripts. For each image,
the outer edges were cropped so that only the surface sample was included. Then a histogram of the
intensities of all remaining pixels was extracted, and the gap between the lower peak (referring to
pores) and the upper peak (referring to solid material) was analysed. The threshold value, used to

differentiate between these two, was set as the midpoint between these peaks.

Figure 5.17 shows an example histogram, with the threshold intensity (133) marked in red. The peak

at 255 is due to the microscope camera’s pixels becoming oversaturated in regions of high reflection.

108 Build 9, 10mm Scan, 80um layer, 120,:m hatch
3 T T T

Frequency [px]
O O

2
[&]

150 200 250
Intensity

Figure 5.17

A demonstration of the method used to distinguish pore pixels from solid pixels in optical microscope

images: the histogram (top), a section of the raw image (bottom left), and the result (bottom right)

5.3.2.1 - Porosity

After thresholding was applied to each image, the number of pixels which corresponded to pores,
and the number that corresponded to solid, were counted. Figure 5.18 shows the number of pore
pixels of each cube, as a percentage of the total number of pixels. As can be seen from the charts, a
strong trend was found to exist between the volumetric energy density of each cube, and its porosity.
These findings very strongly suggest that all pores in all samples are due to LoF, rather than
keyholing, because if keyholing was present then porosity would be expected to increase at higher

energy densities too.
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Effect of Machine Parameters on Porosity
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The effects of machine parameters on porosity
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5.3.2.2 -Pore Area

The area of each pore, in each optical image was counted, and the mean pore area was plotted as
shown in Figure 5.19. Again, strong linear trends exist: as volumetric energy density decreases (and

porosity increases, as per the previous set of charts), the mean area of the pores increases.
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The effects of machine parameters on mean pore area
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5.3.3 - SEM Analysis

The 27 SEM images were collected and analysed according to the methodology described in a

previous subsection. Plotting the mean widths of the cells yielded Figure 5.20.

Effect of Machine Parameters on Cell Size
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As can be seen from row (1), cell sizes generally tend to decrease as scan length increases, although
the trend is not entirely consistent. This general trend matches the expectation that, as scan length
increases and therefore thermal gradients increase, more rapid solidification leads to smaller

microstructural features.

As can be seen from row (2), no clear trend exists between hatch spacing and cell size. According to
the primary theory of hatch spacing, an increase in hatch spacing will lead to a decrease in thermal
conduction, which will lead to a decrease in growth rate, and therefore the larger microstructure
associated with slower solidification. According to the alternative theory of hatch spacing, an
increase in hatch spacing will lead to less melt pool overlap, and therefore lower heat accumulation,
which will lead to lower thermal gradients, with an indeterminate effect on growth rate. Whichever
of these cases is more dominant, it is clear in some of these cases cell size appears to significantly
increase with increased hatch spacing, in some cases cell size appears to significantly decrease, in
many cases the direction of change is unclear, and in all cases the errors are very large, compared to

the cell size changes.

As can be seen from row (3), no clear trend exists between hatch spacing and layer height. It was
expected that, as layer height increases, lower thermal conduction would lead to slower
solidification, which would in turn lead to a larger microstructure. The results do not show this to
be true, with the directions of change in cell size being both inconsistent, and small in comparison

to the errors.

Plotting cell size against thermal gradient (as measured by the thermal camera), resulted in Figure

5.21.

It was expected that a negative correlation might exist between thermal gradient and cell size, as a
larger thermal gradient could be implied to mean more rapid solidification, and therefore a finer
microstructure. As is evident from the charts, this correlation cannot be found, even when the data

is broken down into separate sections as in rows (2), (3), and (4).
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Effect of Thermal Gradient on Cell Size
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5.3.4 - EBSD Analysis

Analysis of EBSD results were performed with Aztec (to extract grain size and shape), and with the
MTEX toolbox for MATLAB (to extract inter- and intra- granular misorientation). Each parameter

mean in the following results has been area-weighted, according to the formula:

YiAix;
YiAi

X =

where x is the area-weighted mean, and A; and x; are respectively the area and parameter of each

grain in the EBSD image.

The unbiased area-weighted standard deviations of the grains were calculated with the formula:

Xiwi(x; — x)2

%Ziwi

SDAW -

where N is the number of grains.

In both the MTEX and Aztec analysis, 10° was used as the threshold to distinguish one grain from
the other.

5.3.4.1 - Grain Size

The area-weighted means of the areas of the grains in each map are shown in Figure 5.22. Due to
the extreme variability in grain sizes, the area-weighted standard deviations of the grain areas were
consistently calculated to be approximately equal to the area-weighted means. In order to make the

charts easier to view, these large error bars have been omitted.

As can be seen, no identifiable trends exist in the data. It had been expected that, as scan length,
hatch spacing, and layer height increase, the increased thermal gradient would result in more rapid
solidification, and therefore a finer microstructure. Since no trends were found, it appears that
attempting to predict grain size based on the predicted thermal outcomes of machine parameters
may not be a reliable strategy, based on the overwhelming errors involved in such measurements,
and the difficulty in linking such a complex phenomenon (solidification), to a simple set of physical

variables.
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Effect of Machine Parameters on Grain size
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5.3.4.2 - Grain Misorientation

MTEX codes were written to analyse the absolute value of the misorientation between adjacent
grains, along each pixel of all grain boundaries. A mean misorientation (i.e. mean of each pixel’s
misorientation with its neighbours) was then calculated for each grain, and an area-weighted mean

and standard deviation was calculated for each sample. These values are shown in Figure 5.23.
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Figure 5.23

The effects of machine parameters on grain misorientation
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As can be seen in row (1), misorientation appears to generally increase, as scan length increases. This
rough trend opposes the expectation that, as scan length increases and therefore thermal gradient,
solidification will shift upwards on the GR diagram, from the equiaxed (high misorientation) region

towards the columnar/cellular (low misorientation) region.

This reversal of the expected trend suggests either that increasing scan length does not increase
thermal gradient as predicted, or that increasing thermal gradient does not shift solidification from

the high-misorientation to the low-misorientation region of the GR diagram as predicted, or both.

As can be seen in row (2), misorientation appears to consistently increase as hatch spacing increases.
This trend also opposes the expectation that, as hatch spacing increases and therefore thermal
conduction decreases and thermal gradient increases, solidification will shift upwards on the GR
diagram. This reversal of the expected trend also calls the value of the solidification predictions into

question.

As can be seen in row (3), misorientation appears to roughly increase as layer height increases. This
trend also opposes the expectation that, as layer height increases and therefore thermal conduction
decreases and thermal gradient increases, solidification will shift upwards in the GR diagram. This

reversal likewise questions the value of the predictions.

5.3.5 - Hardness Analysis

The mean and standard deviation of the five Vickers hardness measurements taken, for each of the

27 cubes, are shown in Figure 5.24.

As can be seen in row (1), no clear trend exists between scan length and hardness. Based on the
results presented in the previous subsection, it was expected that as scan length increased, and
greater thermal gradients led to more rapid solidification and smaller microstructural features,
hardness would increase too. The fact that this trend is not found, suggests that the link between

cell size and hardness is not so straightforward.

As can be seen in row (2), hardness quite consistently and significantly decreases as hatch spacing
increases. This trend runs contrary to the expectation that larger hatch spacings will lead to lower
thermal conduction, and therefore greater thermal gradients, more rapid solidification, and a finer
microstructure. The trend is also interesting, considering that no trend could be found between
hatch spacing and cell size. The fact that a trend exists between hatch spacing and hardness, whereas
none did between hatch spacing and cell size, further weakens the assumption that hardness and cell

size are related [139, 323].

One possible reason why hardness decreases as hatch spacing increases, is that the remelting of
previously-solidified material in an adjacent hatch (which occurs to a greater extent at lower hatch
spacings) may cause homogenisation and grain refinement. These processes can result in improved

mechanical properties, which would lead to greater hardness.
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Figure 5.24

The effects of machine parameters on hardness

As scan be seen in row (3), there exists a very slight tendency for hardness to decrease as layer height
increases. This trend is more pronounced at greater hatch spacings. This slight decrease is contrary
to the expectation that greater layer heights will lead to greater thermal gradients, and therefore

more rapid solidification, a finer microstructure, and increased hardness. One possible suggestion
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for this decrease, is the same as that which was suggested previously for the hatch-hardness decrease:
smaller layer heights lead to more remelting, which may lead to more homogenisation and grain

refinement.

In order to conclusively demonstrate that the relationship between mean cell size and hardness is
either more complex than a simple correlation, or impossible to correlate because of the error
associated with the measurement methods, or both, the two were plotted against each other as shown

in Figure 5.25.
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Figure 5.25

The relationship between mean cell size and hardness, and the error in both measurements

As is evident from the this chart, no clear correlation exists between the means, and also the errors
(standard deviations) are far too significant for any trend to be considered relevant. Therefore, it

appears that no simple trend links the results of this set of experiments.

According to literature, the Hall-Petch relationship between yield strength (oy) and grain size (d)
states that:

_ ky
0y = 0y +\/_E

where 0, is the base strength, and ky is a materials constant. In order to see if any relationship could
be found between (feature size)*/2 and hardness, the data was plotted for both cell size (SEM) and

grain size (EBSD), as shown in Figure 5.26.
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Figure 5.26
The Hall-Petch relationship applied to SEM and EBSD results

As can be seen from the graphs, the Hall-Petch relationship does not seem to hold for either the cell
or grain sizes. In the case of the cells, the hardness is increasing as (cell size)/2 increases, as per the
equation, but with a linear line of best fit only fits the data with an R2 of 0.029. The grain size graph
has a linear line with an R2 of 0.38, but decreases as (grain size)/2 increases. It must be noted
however that the standard deviation errors in hardness are very large, especially for the data points

towards the right of the grain size chart, which are significant in dictating the angle of the line.
In order to calculate errors along the X dimension, it is not possible to simply use (standard deviation
of feature size)/2. Instead, the error propagation formula must be used:
df (x)
Af(x) = |—| Ax
o = |22
where f(x) is the function being applied to the data, Af(x) is the error in the function output, and Ax
is the error in the data.

In this case:

fOx) = x"/2
df(x) 1
dx — 2x3/2

A X) = ad
f() 2x3/2
where oy is the standard deviation.

When these errors are added to the grain size chart, any confidence that the linear relationship is

accurate drops even further, as shown in Figure 5.27.
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Figure 5.27
The Hall-Petch Relationship applied to the grain size, with the X and Y error bars

Based on these findings, it appears conclusive that expecting a coherent trend to emerge between

hardness and microstructural feature size, is an oversimplification for samples produced in L-PBF.

5.4 - Regression Modelling

Table 5.3 shows all derived and measured values for each cube was compiled. Excluding trivial
dimensionless numbers (such as v*, which remained constant for all cubes), and the errors of all
measured values, there remained 29 numbers of interest for each cube. Using MATLAB’s in-built
FIT function, a regression analysis was performed on every possible pair-combination of metrics,
using five model types: linear, quadratic, exponential, logarithmic, and power. The R2 value was
calculated for each regression, and those above 0.6 were identified for further consideration. While
such a simple analysis method can have drawbacks (low R2 values can still provide useful trends,
while high R2 is not inherently good), it was reasoned to be useful in searching for realted variables

in such a large data set.
Those with trivial explanations for a strong correlation were excluded, for example:

e Scan length is strongly correlated with both Keyhole Number and Normalised Enthalpy, as
these numbers both use Return Time in their derivation, which is a function of scan length.

e Many strong correlations exist within the metrics extracted from the thermal camera, all of
which can be explained with the truism that hotter melt pools tend to be larger and that an

increase in one melt pool dimension usually implies an increase in another.
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e The same is true for metrics extracted from the optical microscope: more porous samples

contain larger and less circular pores.

Table 5.3
The metrics extracted for each cube

Type Value Type Value Type Value

Scan Length Mean Temp Porosity
Build Hatch Peak Temp Optical Pore Area
Parameters Spacing Microscope

Layer Height MP Length Circularity

Peclet Thermal MP Width Hardness Hardness

Marangoni Camera MP Area Grain Size

Fourier Aspect Ratio Aspect Ratio
Dimensionless Keyhole Thermal EBSD Misorientation
Numbers Grad.

N. Enthalpy Spatter GAM

E* Cell Size Orientation

To SEM Aspect Ratio

Also excluded were those that have been previously discussed, for example:

e Scan length and melt pool width correlate with a linear R2 of 0.71

¢ Layer height and melt pool length correlate with a linear R2 of 0.73

Once such correlations had been excluded, six remained that were deemed worth discussing further.

5.4.1 - Porosity and Grain Misorientation

It was found that grain misorientation increased with sample porosity, according to a logarithmic

function, with an R2 of 0.65, as shown in Figure 5.28.

It follows logical reasoning that porosity and misorientation must increase together, for the following

reasons:

1. Pores interrupt epitaxial growth in L-PBF solidification, disrupting the columnar grains
commonly observed, forcing the existence of new orientations and nucleation sites.

2. Porosity alters both thermal gradient and growth rate, shifting solidification’s position on the
GR diagram, changing the locally preferred grain size and morphology.

3. Pores disrupt liquid flow within the melt pool, affecting pool dimensions, solute segregation,

and the extent of remelting, all of which in turn affect grain growth direction.

247



Porosity vs Misorientation, Logarithmic, R2 = 0.65
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Figure 5.28

The logarithmic relationship between porosity and grain misorientation

It likewise stands to reason that the relationship between porosity and grain misorientation should
be non-linear. The disruption to solidification caused by each additional volume of porosity that
exists within a sample, is influenced by the disruption caused by previous volumes of porosity, with

the disturbances compounding.

The implication of this finding is that a small increase in porosity may reduce anisotropy and
promote equiaxed growth. Depending on the component’s intended function and post-processing
strategy, this trade-off may be desirable. For example, should a component be created with a
minimal amount of keyhole pores, which are later closed up by HIP, then the increase in

misorientation may be beneficial.

5.4.2 - Porosity and Hardness

Hardness was found to decrease with sample porosity, according to an exponential function, with an

R2 of 0.63, as shown in Figure 5.29.
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Porosity vs Hardness, Exp, R? = 0.63
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Figure 5.29

The exponential relationship between porosity and hardness

Again, it follows logical reasoning that micro-hardness should decrease with porosity, according to
an exponential decay. Starting with a base hardness at zero porosity, as each volume of material is
subtracted, mechanical strength will be degraded. Since hardness testing sites were deliberately
chosen to not interact with pores, however, this degradation will not be linear. Indentations were
kept at least 1mm from any pore, however it was not possible to keep indentations away from
subsurface porosity. The rate of degradation will slow, assuming that non-porous sites can still be
found, moving towards a new baseline of the hardness of a small fragment of solidified material,

surrounded by a sponge of pores.

The implications of this finding are not significant for practical applications. In industrial settings,
the micro-hardness of a location within a component, specifically chosen for its non-porosity, is
unlikely to be relevant, compared to its macro mechanical properties. Therefore, the fact that the
decrease in Figure 5.29 appears to follow an exponential decay, may serve as evidence of the

limitations of the experimental method.

5.4.3 - Inter-Granular and Intra-Granular Misorientation

Mean GAM was found to decrease with grain misorientation, according to a linear function, with an

R2 of 0.63, as shown in Figure 5.30.
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Inter-Granular Misorientation vs Intra-Granular Misorientation (GAM), Linear, R? = 0.63
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Figure 5.30

The linear relationship between misorientation and mean GAM

Both inter- and intra- granular misorientation can serve as indicators of the rapidity and turbulence
of solidification in L-PBF [324]. It was expected that the kind of conditions that resulted in differing
angles between grains (quickly advancing solidification fronts, insufficient time for atomic diffusion,
abundant perturbations in the solid-liquid boundary, etc.) would also result in differing angles

within grains. The fact that the opposite appears true, was surprising.

One reason suggested for this observation, is that grains with lower misorientation are likely the
product of columnar epitaxial growth. It may be the case that as these columns grow upwards,
contracting under thermal contraction, the accumulation of strain with each grain may be greater

than if the grains solidified without epitaxial growth.

Another possibility is that this apparent linear decrease is simply a by-product of grains growing with
greater GAM being more likely to separate into different grains, due to internal stress. Therefore, it
would not be the case that grains with more misorientation experience less GAM, but rather grains
with more GAM divide and share out their differing angle in the form of separate grains with lower

GAM but more misorientation.

5.4.4 - Melt Pool Length and Thermal Gradient

Thermal gradient was found to decrease with melt pool length, according to a linear function, with

an R2 of 0.78, as shown in Figure 5.31.
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Melt Pool Length vs Thermal Gradient, Linear, R2=0.78
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Figure 5.31

The linear relationship between melt pool length and thermal gradient

Previously, results were presented as a function of certain parameters (grain size, misorientation,
etc.) plotted against thermal gradient. It had been assumed that thermal gradient, as measured from
the peak-temperature-pixel to last-liquidus-pixel in the melt pool by the thermal camera, served as
a reliable proxy for the thermal gradient of the solidification front. This chart questions this

assumption.

Since thermal gradient reliably and linearly decreases as melt pool length increases, it could be the
case that the former is simply a function of how large the latter happens to be. If a hypothetical set
of melt pools all had the same peak temperature, but the extent of trailing above-liquidus material
varied stochastically, then the relationship between length and measured thermal gradient would be
linear and negative, as in this chart. In this scenario, it would be uncertain if the peak-temperature-
pixel to last-liquidus-pixel measurement method would be an appropriate proxy for what’s

happening at the actual solidification front.

This finding begs an obvious question: to measure the thermal gradient, rather than simply divide
the peak-to-liquidus temperature difference by the peak-to-tail length, why not analyse the cooling
curve closer to the liquidus boundary? As demonstrated in a previous section, this cooling curve is

extremely chaotic, and attempting to extract meaningful gradients from it proves unreliable.

The implication of this finding is profound: using the available thermal camera equipment, there

may be little value in extracting cooling curves from the melt pool images.
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5.4.5 - Grain Size and GAM

The mean GAM was found to increase with grain size, according to a power function, with an R2 of
0.81, as shown in Figure 5.32. It should be noted that grain size, and not (grain size)-°5 is being used

here, since the Hall-Petch analysis used above related to yield stress, and not to misorientation.

Grain Size vs Mean GAM, Power, RZ=0.81
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Figure 5.32

The power-law relationship between grain size and mean GAM

As per the previous discussion about misorientation and GAM, it was expected that a negative
correlation should exist between grain size and GAM: grains with greater internal strains should split
into smaller grains. Itis therefore surprising that the exact opposite appears to be true. Larger grains

very consistently show increased GAM.

Once again, epitaxial growth is a possible explanation for this result. The largest grains were shown
in EBSD images to extend through multiple melt pool boundaries. It could be the case that these
boundaries, which exist inside large grains, contribute significantly to GAM, while smaller grains,

which do not include such boundaries, experience lower GAM.

This finding serves as an argument for recrystallization in post-processing treatment. Such
treatments reduce the anisotropy of the microstructure, transforming large, epitaxial grains that
encompass melt pool boundaries (which can serve as crack initiation sites), into smaller isotropic

grains with increased strength and fatigue resistance.
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5.4.6 - Normalised Enthalpy and Pore Area

Pore area was found to decrease with normalised enthalpy, according to an exponential decay, with

an R2 of 0.69, as shown in Figure 5.33.
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6000 T T .

5000
4000 i

3000 —\ . 1

2000 | . 8

FPore Area [pm?]

1000

/

6.5 7 7.5 ] B.5
MNormalised Enthalpy

Figure 5.33

The exponential relationship between normalised enthalpy and mean pore area

By itself, this finding is not very impactful. Both normalised enthalpy and pore area have previously
been shown to be cause and effect in the extent of LoF porosity in a sample. It is understandable
that as the latter decreases, the former begins to rise exponentially, as more pores and larger pores

begin appearing.

What is more interesting, is the fact that this relationship is the only identified trend that contains a
dimensionless number. Despite seven dimensionless numbers and nineteen physical measurements
being included in this correlation search, only this quite trivial finding included a dimensionless
number. There were not, for example, trends between the Marangoni number (which describes melt

pool turbulence) and porosity, or between volumetric energy density and grain morphology.

This lack of findings hints at the limits of dimensionless numbers in predicting microstructural
results. Though dimensionless energy was demonstrated in a previous subsection to be useful in
predicting porosity, the fact that no SEM, EBSD, or hardness results are correlated with any

dimensionless number, implies that their value may be curtailed to density measurements.
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5.5 - In-Situ Microstructure Conclusions

The primary intention of the experiments performed in this chapter was to establish a link between
the thermal signatures detected by the thermal camera, and the resulting microstructure and
mechanical properties. The underlying hypothesis of the experiments was that variations in build
parameters would result in predictable changes to both melt pool thermal signatures, and

microstructural characteristics as determined from first principles upon the GR diagram.

Such attempts to predict either melt pool thermal signatures, and microstructural characteristics,
proved unreliable. Determining links between any metrics pulled from different data sources (e.g.
melt pool length from the thermal camera, grain size from the EBSD, cell size from SEM, etc.)

remained challenging.

A significant limitation was discovered, when a strong linear correlation between melt pool length
and melt pool tail thermal gradient was found (R2 of 0.78). This finding suggested that thermal
gradient measurements may simply be a straightforward measure of peak temperature divided by
pool length, rather than a proxy for the gradient at the actual solidification front, as per experimental

assumptions.

It was found that machine parameters largely had the expected effects on melt pool dimensions:
increasing scan length consistently decreased melt pool length, width, and area, while increasing
layer height consistently increased melt pool size and temperature due to decreased thermal
conduction. A perfect trend was also found between volumetric energy density and porosity,
allowing for the conclusion that LoF porosity was the primary source of defects in the samples, rather

than keyholing.

Regression modelling further demonstrated the lack of correlation between metrics from different
sources. Porosity and grain misorientation was found to have R2 = 0.65, likely due to the fact that
pores disrupt epitaxial growth, and hardness significantly decreased as hatch spacing increased,
possibly due to reduced remelting at higher spacings leading to less homogenisation and refinement.
Very few other trends emerged, however, demonstrating the limitations of extracting meaningful

data from the thermal camera to predict microstructural or mechanical properties.
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6 - In-Situ Monitoring and Mesostructure

This chapter explores the ability of the thermal camera to detect the creation of keyhole and LoF
porosity. Test pieces were created, with porosity throughout that was placed deliberately via
machine parameter and scan strategy. These pieces were taken to the ESRF to be scanned with XCT,
in order to determine correlations between thermal signatures from in-situ monitoring, and porosity

embedded within the alloy.

6.1 - Parameter Selection

Before more in-depth experimental work was carried out, it was necessary to test the ability of the
Aconity LAB to produce dense parts, under a range of machine parameters. For IN-718, this was

performed with a high-throughput build.

6.1.1 - Experimental Setup

In order to efficiently build a large number of samples simultaneously, without the need for
individual mounting, grinding, and polishing, a 32mm wide sample holder was designed, inside
which multiple cubes could be built, and which could fit directly into the Automet 250. Figure 6.1
shows the Netfabb design for the holder (grey), and the seventeen 4mm x 4mm x smm (X, Y, Z)

cubes built upon it.

0 mm 5 10 [15 |20

Figure 6.1
A close-up of the 17 cubes in the holder
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The cubes stick 1imm above the surrounding cylinder wall, which allows for any shards ground away
by the Automet to not become trapped within the sample. In Figure 6.1, the small cylinder and two
orange cones that are visible at the left and right edges of the holder, respectively, are used to identify

it amongst the set of 8 that were built simultaneously, as shown in Figure 6.2.

Figure 6.2
The eight cube holders on the base plate

Each of the 136 cubes were built with bi-directional scanning, with 67° rotation between the layers.
A 30um layer height was used. The hatch spacing, laser power, and laser speed were varied between

each cube, with most combinations of the ranges in Table 6.1 being tested.

Table 6.1
The parameters used for the IN-718 cubes
Laser Powers [W] 85, 100, 115, 130, 145, 160, 175, 190
Laser Speeds [mm/s] 300, 500, 700, 900, 1100, 1300, 1500, 1700, 1900
Hatch Spacings [um] 30, 50, 70, 90

Of the 288 possible combinations of these parameters, the largest and smallest energy density
combinations were omitted, as it was known based on literature that these parameters would result
in LoF and keyhole porosity [325-327]. Combinations with volumetric energy densities between

58.48 J/mms3 and 166.67 J/mm3 were chosen.



6.1.2 - Experimental Results

Bright-field OM images were taken of each cube surface. These images were then analysed in
MATLAB, to extract the total density, the mean pore area, and the mean pore circularity. In Figure
6.3 are three example images, showing a near-fully dense sample, a sample with LoF porosity, and a

sample with keyhole porosity.

Power 190W 100W 115W

Speed 1900 mm/s 1700 mm/s 300 mm/s

Hatch 50um 30um 90um

Density 99.96% 94.87% 93.58%

Num. of Pores 27 375 1,083

Mean Pore Area 24 um? (7um2) 975 um? (327 um?) 1,120 um? (374 ym?)

Mean Pore Circularity 0.65 (0.13) 0.45 (0.35) 0.78 (0.28)
Figure 6.3

An example of a fully dense (left), LoF (centre), and keyholed (right) cube. Italicised values are standard

deviations.

In Figure 6.4, the laser powers and speeds are shown, for each of the four hatch spacings, as was
presented in a diagram previously. The size of each data point depends on its porosity (i.e. larger

points are more porous, less dense), and its colour depends on the sample’s mean circularity.

As was expected, porosity increases at higher and lower energy densities, and circularity is lowest at
lower energy densities (indicating LoF), and highest at higher energy densities (indicating

keyholing).

Figure 6.5 shows how circularity increases with energy density, making the distinction between LoF

and keyhole regimes clear. The size of each data point depends on its mean pore area.
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Figure 6.4

The porosity and circularity of each cube, across the entire parameter space

The normalised energy method of dimensionless analysis, as proposed by Thomas et al. [267] and
discussed in a previous chapter, was applied to the results from this build. In this method, E* is

plotted against 1/h*, where

q- AP 1

E”’= — —
v*l*  2VIrpc(T, —Typ)
and
h
h* =—
r

In order to apply the method as rigorously as possible, the method proposed by Phan et al. [268] for

calculating T, was applied:

0.3P (Vt)? + k2 + Ve,
To = Tyre + Xexp| -V
2nA (Vt,)? + h? 2a
where
.= L
A4
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Figure 6.5

The mean pore area and circularity of the cubes, plotted against volumetric energy density

The numbers in Table 6.2 were used in these calculations.

Table 6.2

The values used in the dimensionless calculations
Number Value Number Value
Laser Power (P) Variable Laser Speed (V) Variable
Hatch Spacing (h) Variable Absorptivity (A) 0.45 [325]
Beam Radius (r) 35um Powder Density (p) 4.24 g/cm3
Spec. Heat Capacity (c) 485 J/kg/K [328] | Liquidus Temp. (T) 1336°C
Layer Height (1) 3oum Thermal Conductivity (A) | 30 W/m/K [145]
Thermal Diffusivity (a) 5 mm?2/s [329] Scan Length (L) 4mm
Preheat Temp. (Tpre) 25°C

This yielded the graph shown in Figure 6.6.
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Figure 6.6
The circularity and porosity of the cubes, plotted on the same normalised energy density axes used by
Thomas [267]

The regions at which low normalised energy leads to LoF, and the regions at which high normalised
energy lead to keyholing, become very obvious in this graph. When this data is overlaid onto the
chart produced by Thomas et al,, it is clear that these results are in keeping with others from

literature, as shown in Figure 6.7.

In Figure 6.6, the red dots are the data points from this experiment, with their sizes based on
porosity, as per the previous scale. At both the lower and higher energy densities, where LoF and
keyhole pores appear, the energy densities are consistent with similar defects in other alloys and

experimental setups.
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Figure 6.7
The results from this experiment (red dots), superimposed on the normalised energy density graph used by

Thomas [267], with marker size denoting porosity.

6.1.3 - Selecting Parameters

When selecting preferred parameters for IN-718 builds to be monitored with the thermal camera,

there are several criteria which should be considered, here ranked in order of importance:

1. Porosity should be as low as possible (to allow for full density with proper scan strategies)
2. Laser speed should be low, to allow for more recorded melt pool images

3. Hatch spacing should be small, for the same reason

4. Laser power should be low, to reduce spatter

In order to find the parameter set that best fits these criteria, the 60 that achieved densities of above
99.9% were considered. By sorting these sets first by velocity (lowest to highest), and then by hatch
spacing (lowest to highest), the most ideal parameters set was found to be: 100W power, 500 mm/s

speed, 50um hatch spacing.
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6.2 - In-Situ Monitoring and Deliberate Porosity

In the previous chapter, the ability of porosity to be predicted based on thermal camera data was
explored. However, results were presented in terms of averages: the mean thermal signatures from
a cube, and the total porosity of that cube. It was not possible to attempt to match individual pores,

with the images of the melt pool that made them.

In this subsection, this attempt will be made. Two test pieces were designed, using machine
parameters and geometries that were likely to introduce LoF porosity into specific points in one, and

keyhole porosity into specific points in the other.

Each test piece was produced on the Aconity LAB from IN-718, and monitored with the thermal
camera recording at a frame height of 512px, and a frame rate of 400 fps. Pieces were then brought
to the ESRF in Grenoble, for XCT to be carried out on BM-18. A 195 keV monochromatic X-ray beam
was used, with samples at a working distance of 10m. The beam size at the sample was 241.mm x

12.1mm, resulting in a voxel definition of 4um x 4um x 4um.

The thermal camera and XCT datasets were then cross-referenced, to match specific pores to specific
thermal signatures. This was intended to test the hypothesis that the precise thermal signature of

an individual pore could be detected during that pore’s creation.

6.2.1 - Creating Lack of Fusion Porosity

A cuboid was built, with dimensions 35mm x 7.25mm x 4.5mm (XYZ). The previously identified
machine parameters of 100W, 500 mm/s, and a 5oum hatch spacing were used. A 3oum layer height
was used throughout. Inside the bulk cuboid, there were 45 channels running along the X axis, built

with different laser powers. The speed and hatch spacing used in these channels was the same as in
the bulk.

Above each channel, the power returned to the bulk setting of 100W. After a certain number of layers
were built at the bulk parameters, a layer was recorded with the thermal camera. A channel was

built, with each combination of the following three variables:

e Power used to build the channel (oW, 20W, 40W, 60W, 80W)
e Width of the channel (3, 5, and 7 hatches)
¢ Number of layers of 100W power, in between the top of the channel, and the 100W layer that

was recorded (0, 1, and 2)

Both the bulk and the channels were built with bi-directional scanning, aligned to the X axis, with
no rotation between layers. This ensured identical conditions for the building of channels, and also
for the recording of layers. It was understood that linearly varying power with height could introduce
a systematic bias due to the heating of the build chamber, but it was reasoned that the large height

of the support structures would allow for a steady state to be reached before the channels of interest.
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In Figure 6.8, the channels are shown in red, and the recorded layer is shown in blue:

(a) Component Schematic (b) Netfabb Design
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(c) Individual Row Schematic
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Figure 6.8

The placement of LoF channels within the test piece

6.2.1.1 - LoF in Thermal Images
Each recorded layer consisted of 143 hatches, of which:

e 80 scanned over fully solid material
e Three sets of five scanned over LoF material (with 0, 1, and 2 solid ‘in-between’ layers)
e Three sets of seven scanned over LoF material (with o, 1, and 2 solid ‘in-between’ layers)

e Three sets of nine scanned over LoF material (with 0, 1, and 2 solid ‘in-between’ layers)

For each of the five recorded layers, melt pools were separated into these ten categories. Assuming
that the 80 full-solid melt pools from each layer can be grouped together, this resulted in 46 total

groups of melt pools. There were a minimum of 125 images in each group.
Each melt pool image was analysed using the same techniques described in previous chapters:
e The image was thresholded at 1,336°C

e The region with the greatest sum of pixel-temperatures was assumed to be the melt pool
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e Any pixels outside this region were set to zero

e The REGIONPROPS function was used to extract the melt pool’s stats

It was expected that, due to the lower thermal conduction when a melt pool is building with LoF
porosity, the temperature and dimensions of melt pools would both increase, as: the hatch-width of
channels increased; the number of in-between solid layers decreased; and the laser power with which

the channel was made decreased.

In each of the following charts, the data is presented separated by LoF channel width, by solid in-
between layers, and by LoF channel laser power. In each plot, the horizontal red line refers to the

mean value of the 10,278 ‘solid’ melt pools.

6.2.1.1.1 - Melt Pool Length Above the LoF Channels

The effect of LoF channels on melt pool length are shown in Figure 6.9.

As can be seen from the charts in row (1), no consistent trend appears to exist between the power
with which the LoF channel was built (i.e. the extent of porosity), and the melt pool length. It is
assumed that the decrease in length at the 5 hatch width, 2 in-between layers, is simply a coincidence,

considering that no similar trend exists elsewhere.

As can be seen from row (2), melt pool length very consistently increased as channel width increases,
across all variations of power and in-between layers. This trend matches the expectation that wider
LoF channels would result in lower thermal conduction, which would in turn result in longer melt

pools.

As can be seen from row (3), no consistent trend appears to exist between the number of in-between
layers and the melt pool length, in the case of the 5-hatch-wide and 7-hatch-wide channels. In the
case of the 9-hatch-wide channels, however, length appears to decrease as in-between layers
increase, as expected. It may be the case that for the narrower channels, sufficient thermal
conduction into the nearby bulk exists, to render any further changes in conduction caused by

changes in the number of in-between layers, as negligible.
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Effect of LoF Channel on Melt Pool Lengths
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The effect of LoF channels on melt pool length
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6.2.1.1.2 - Melt Pool Width Above the LoF Channels

The effect of LoF channels on melt pool width are shown in Figure 6.10.

As can be seen in row (1), a slight but consistent trend exists, whereby the width of the melt pools
decrease as channel power is decreased. This result is contrary to the expectation that as channel
power is decreased (and therefore LoF porosity increases), the decreasing thermal conduction would
cause melt pool widths to increase. One possible reason for this may be the melt pool flowing into
the voids of the LoF pores beneath it. Especially at the lower powers, where the material beneath
the melt pool is largely composed of loose powder, the low density allows a lot of volume for the

molten metal to sink into.

Again, there is a very consistent, and expected, trend for melt pool width to increase as LoF channel

width increases, as can be seen from row (2).

As can be seen in row (3), melt pool width appears to consistently increase as the number of in-
between layers increases, for the 5-hatch-wide channels only. Results from the 7-hatch-wide and 9-
hatch-wide channels are inconsistent. It was expected that as the thickness of this fully dense layer
between the LoF porosity and the melt pool increased, the increased thermal conduction would cause

the pool width to decrease.

The fact that this contrary-to-expectations result exists only for the narrowest channels may be
purely coincidental (especially considering how the error of the values far exceeds the differences
between them), or may point to flaws in the initial expectations of melt pool behavior. Again, one
possible reason for this counterintuitive behavior may be the fact that the molten liquid can sink into

the porous substrate when the in-between layers are lower, thereby reducing the pool width.
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Effect of LoF Channel on Melt Pool Widths
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Figure 6.10

The effect of LoF channels on melt pool width
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6.2.1.1.3 - Melt Pool Peak Temperature Above the LoF Channels

The effect of LoF channels on melt pool peak temperature is shown in Figure 6.11.

As can be seen in row (1), there exists a very small trend for melt pool peak temperature to increase
as channel power decreases (and therefore LoF porosity increases). This trend matches the
expectation that as thermal conduction decreases, melt pool temperatures will increase. It must be
noted, however, that the trend is only visible in the 7-hatch-wide and 9-hatch-wide cases, and even
then only in the 1 and 2 in-between layer cases, and also the increases in peak temperature are
significantly smaller than the errors. Therefore, it would be unwise to draw firm conclusions from

this set of results.

Considering the peak temperatures of the melt pools at the 9-hatch-wide and o0 in-between layer
channels, it is clear that in these cases, where LoF porosity is most extreme, peak temperature is far
lower than in the solid bulk (red line). This finding strongly contradicts the initial assumption that
melt pools producing LoF porosity, and therefore experiencing lower thermal conduction, will

exhibit higher peak temperatures.

As can be seen in row (2), peak temperature consistently decreases as channel width increases. This
finding also contradicts the initial assumption that melt pools above channels with lower thermal

conduction, will exhibit higher peak temperatures.

As can be seen in row (3), peak temperature appears to consistently increase as the number of in-
between layers increases, for the 7-hatch-wide and 9-hatch-wide channels. The results for the 5-
hatch-wide channels are inconsistent. This finding appears to again show that the initial assumption

(that more LoF would cause higher peak temperatures) was the opposite of what exists in reality.

These three sets of findings all suggest that the initial assumption about porosity and peak

temperatures, was incorrect. Two possible conclusions may be drawn from this finding;:

1. As thermal conductivity decreases, melt pool peak temperature decreases, rather than
increases as per assumptions. This conclusion would contradict much of the knowledge
already established in literature [330, 331]. It could be possible that, due to these specific
experimental conditions, the reason for such a decrease is due to increased convective or
Marangoni flow within the melt pool. This possibility also contradicts established knowledge
that it is melt pools in the keyhole regime that experience greater flows [184, 224].

2. Thermal conductivity is not actually decreasing as channel hatch width increases, as intended
in the experimental setup, but is in fact increasing. The mechanism by which a melt pool’s
thermal conductivity could increase, as the width of the pore-filled channel it builds upon
increases, is possibly due to the molten material sinking into the porous substrate, as

described previously. Methods to test this possibility will be discussed in Section 8.3.1.

It is believed that the latter of these reasons is more likely. Further experimentation is needed to
find if this sinking is the reason for the effect. This will be discussed in the Further Work chapter.
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Effect of LoF Channel on Melt Pool Peak Temps
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Figure 6.11
The effect of LoF channels on melt pool peak temperature

269



6.2.1.2 -LoF in XCT Data

The reconstructed data acquired at the ESRF consisted of 11,400 TIF files, each with size 8029 x
8029 pixels. Figure 6.12 shows an example TIF image, cropped to show only the 2D slice of the
printed part.

Figure 6.12

An example TIF image of the LoF channels, returned from XCT at the ESRF. Note that the concentric rings
and faint lines visible are artefacts of the XCT process (‘shadows’ of material the X-ray has passed

through), rather than actual features of the sample.

Due to the placement of the sample within the XCT setup, the image is reversed compared to the
diagrams shown previously. As can be seen in this image, the channels are ordered 9 hatch width,

then 7, then 5.

The first step in analyzing the images was to identify the 45 LoF channels. The four corners of the
space that spans the channels were manually selected, for the first and last TIFs in the stack. By
interpolating over the height of the entire stack, it was then possible to estimate the pixel coordinates
of the channel-space for all images. By dividing this space into 5 rows and 45 columns using the
channel-width ratios, it was possible to draw a rectangle around the predicted location of each of the

LoF channels. Figure 6.13 demonstrates this, using the same TIF as shown in Figure 6.12.
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Figure 6.13

The same TIF image as previous, with the channels ready for individual extraction

Each rectangle was then extracted, rotated (via projective transformation using MATLAB’s inbuilt
fitgeotrans and imwarp functions), and saved as a separate TIF image. Figure 6.14, for example,

shows the 215 x 185 pixel extract of the lower-left channel.

Figure 6.14

The lower-left channel in the previous image, extracted and ready for analysis

As can be seen in this image, a large section of the loose powder in the channel (9 hatches wide, 12

layers tall) has been melted by the laser scanning the layer on top.
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6.2.1.3 - Comparing Thermal Images and XCT

For each of the 45 LoF channels embedded within the part, between 117 and 252 melt pool images
were extracted, and 11,400 cropped and rotated XCT images were extracted. By calculating the X
coordinates of the leftmost and rightmost pixel within each melt pool, it was possible to estimate
which section of the channel’s span that the melt pool occupied. It was then possible to map this
section to positions within the 11,400 stack of XCT images, and therefore match up melt pools from

the thermal camera with the XCT data that lay under them.

A MATLAB script was written to loop through every recorded melt pool, from each of the 45
channels, and extract the XCT images that they corresponded to. These XCT images were then
thresholded, with any pixel with an intensity less than 85% of the image’s peak intensity assumed to
be a pore. This threshold was determined by visual inspection. Any pore that touched the image’s
top edge was discarded, as it was assumed to be the space above the uppermost layer of channels,

rather than an actual LoF pore.

By stacking these binary images together, and using MATLAB’s REGIONPROPS3 function, every
pore within the 3D stack could be analysed. Using similar equations to those used in previous
chapters, the volume-weighted mean volume and volume-weighted mean sphericity of each stack

were calculated.
This resulted in the following metrics being available for each of the 8072 melt pools:

e Thermal camera data: melt pool lengths, widths, areas, aspect ratios, peak temperatures, and
mean temperatures
e XCT data: volume-weighted (VW) mean pore volumes, VW mean pore sphericities, and

number of pores

Each thermal camera metric was plotted against each XCT metric (i.e. 18 plots in total), to search for
any trends within the data. Many of the plots did not show any meaningful correlations. For
example, in the set of charts in Figure 6.15, it would be difficult to suggest that calculating the peak
temperature, area, or mean temperature of a melt pool with the thermal camera, could reveal
anything meaningful about the VW mean pore volume, the VW mean pore sphericity, or the number

of pores, respectively.

In some cases, however, meaningful patterns could be interpreted from the charts. These patterns
came in the form of boundaries, outside of which no data points fell. In the set of charts in Figure

6.16, there are clear regions that the melting process falls into.
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Figure 6.15

Examples of XCT and thermal image analysis, in which no significant trends were found

The upper limit of the number of pores being formed underneath a melt pool, and the upper limit of
the VW mean volume of those pores, appears to increase as melt pool length, width, and area
increase, and decrease as melt pool mean temperature increases. Therefore, it may be possible to
monitor the thermal profile of a build, and predict the likelihood that the process has strayed into an

unacceptable pore size/frequency region, based on the pool’s dimensions and temperatures.

The fact that high porosity appears to correlate with greater melt pool area, as demonstrated in
Figure 6.16, follows the logical reasoning that LoF porosity involves melt pools that cannot conduct
their heat into surrounding solid material, and therefore are larger and hotter that melt pools

building fully dense components.
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Examples of XCT and thermal image analysis, in which processing regions could be identified

Based on this data, it does not, however, appear to be possible to pinpoint with certainty the
formation of specific pores, based on melt pool data thermal signatures alone. Several possible

reasons exist for this:

1. LoF porosity arises due to insufficient overlap between subsequent layers and vectors. This
lack of overlap can manifest in three forms. In increasing order of severity, these are:
a. Narrow slivers of non-overlap exist near the bases of the U-shaped pools, in the space
where neither of the adjacent pools, nor the previous layer, managed to melt.
b. Delamination, where melt pools do not reach the previous layer, due to line energy
being too low, and/or layer height being too large.
c. Adjacent vectors not meeting, due to line energy being too low for the chosen hatch

spacing.
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The first two of these forms are subsurface processes. Therefore, despite the effects that they
may have on a melt pool’s thermal conductivity, which in turn may affect the pool’s
dimensions and temperature profile, the process might be largely invisible to the thermal
camera, which only monitors the powder bed surface.

2. A thermal signature may exist, but not be detectable by the thermal camera used in this
experiment. Most melt pools appear in the images as only 10 to 30 pixels, in any dimension.
This spatial resolution may be too small to detect the subtle thermal signatures that indicate
LoF porosity.

3. Likewise, the temporal or thermal resolution of the camera may be insufficient to detect LoF
porosity. The 1us exposure time and the 400 fps rate may be too slow to capture individual
pore formation, and the fixed-emissivity method of intensity-temperature conversion may
miss the small temperature fluctuations associated.

4. The angle of the off-axis camera, which introduces foreshortening and distortion to the
image, may reduce its ability to pick up slight variations in melt pool dimensions that

accompany LoF creation.

Some changes in experimental setup, which could offset these limitations, will be discussed in the

Future Work chapter.

6.2.2 - Creating Keyhole Porosity

For a given set of machine parameters, it is difficult to create different conditions under which
keyholing porosity will or will not happen, via the altering of part geometry alone. The aim of this
experiment was to obtain two sets of thermal images: the first of melt pools that were not forming
keyhole pores, and the second of melt pools, using the same machine parameters, that were forming
keyhole pores. It was predicted that altering the part geometry may allow this non-keyhole/keyhole

transition, without altering laser power, laser speed, or hatch spacing.

Five long triangles, with a base (Y) of 2mm, a length (X) of 35mm, and a height (Z) of 4.5mm, were
built. As before, these were built with the standard bulk parameters of 100W, 500 mm/s, and 50um
hatch spacing. A 3oum layer height was used throughout. All vectors were bi-directional, aligned

with the X axis, and without rotation between layers.

Inside each triangle, aligned with the X axis, five line tracks were scanned, upon solidified material
after their layers were finished. It was expected that as these lines progressed from the base of the
triangle, towards the tips where thermal conduction was much lower, they would transition towards

keyhole porosity, with the pores left trapped in the material beneath.

In order to preserve these pores, and not have them filled in by the next layer’s melting, horizontal
channels were built above each line track, that became narrower over the next ten layers. As the final

line tracks were built on the final layer of the build, no channels were needed above them.
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Twenty-five line tracks were scanned in total, encompassing all combinations of the following

variables:

e Width of line track (1, 2, 3, 4, and 5 hatches)
e Power of the line track (100W, 120W, 140W, 160W, and 180W)

The speeds and hatch spacings used in the line tracks was the same as in the bulk. In each of the five
layers containing line tracks, the tracks were scanned after the rest of the layer was built. The thermal

camera recorded these layers.

In Figure 6.17, the line tracks are shown in red.
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The keyholes channels deliberately placed in the part

6.2.2.1 - Keyholes in Thermal Images

In each of the 25 groupings (5 powers x 5 hatch numbers), there were between 32 and 154 thermal
images recorded. Each melt pool image was analysed using the same techniques described
previously (thresholded at 1,336°C; highest temperature pixel assumed to be the melt pool; all others
set to zero; REGIONPROPS function used to extract statistics).

It was expected that, as laser power increased, and as melt pools progressed along the X axis (from
the wide part of the triangle towards the narrow), the pool’s increased heat and decreased thermal

conduction, would increase the likelihood of keyhole porosity.
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The effect of increasing the number of hatches in the line track was difficult to predict. On one hand,
it was believed that by increasing the number of hatches, there would then be more solidified
material for subsequent hatches to conduct heat into, thus reducing the likelihood of keyhole
porosity. On the other hand, it was believed that by increasing the number of hatches, there would
then be additional heat in the triangle’s tip for subsequent hatches, thus increasing the likelihood of
keyhole porosity. Ultimately it was decided that the effect of increased hatches on keyhole likelihood

was impossible to predict without experimental data.

It was expected that melt pools in the keyhole regime would exhibit shorter lengths, narrower widths,

and higher peak and mean temperatures, than those in the conduction regime.

In order to allow for better analysis of the data, the progress of each melt pool along the X axis was
not taken as a continuous value. Instead, the axis was divided into ninths, and separated into 3 bins

as shown in the schematic in Figure 6.18.

W =2mm

1
1/9 2/9 6/9
(3.9mm) (7.8mm) (23.3mm)

Figure 6.18

The divisions that separate the triangles into three parts

The results of the thermal images will now be presented, in terms of melt pool lengths, widths, peak

temperature, and mean temperature.

6.2.2.1.1 - Melt Pool Length Above the Keyhole Line

The effect of parameters on melt pool length are shown in Figure 6.19.

As can be seen in row (1), no consistent trend exists, as the width of the triangle increases. This
finding contradicts expectations that melt pools in the narrower section would exist in the keyhole

regime, and therefore be longer.

The results from row (2) are both expected and trivial: as laser power decreases, melt pool length

decreases too.

As can be seen in row (3), no consistent trend exists in the narrow section of the triangle, as line
width increases. In the mid and wide sections of the triangle, where the keyhole regime was less

expected, melt pool length appears to slightly increase as the number of hatches in the line increases.
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Figure 6.19

The effect of parameters on melt pool length
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This latter result contradicts the explanation that (assuming keyholing is not present) increasing line

width will increase thermal conduction, and therefore decrease melt pool length.

A possible explanation for this apparent increase in melt pool length, as the heat-conducting ability
of the substrate increases, is the fact that changes convective flow might be playing a role. As the
triangle section widens, and its ability to draw out heat from the melt pool therefore increases, the
temperature gradients within the pool may increase. This, in turn, will create convective flows,
churning the melt pool, thereby possibly delaying the amount of time taken for full solidification to

occur.

6.2.2.1.2 - Melt Pool Width Above the Keyhole Line

The effect of parameters on melt pool width are shown in Figure 6.20.

As can be seen in row (1), melt pool width consistently increases as the width of the triangle section
increases. This finding strongly contradicts expectations that the keyhole regime (and therefore
wider melt pools) would be more prevalent in the narrower sections. This finding suggests two

possibilities:

1. Melt pools in the keyholing regime are actually narrower than those in the conduction regime.
It is uncertain the extent to which this finding would contradict established knowledge.
While literature consistently shows keyhole melt pools to be wider, there exist no studies
(that the author is aware of) that compare keyhole and conduction regime melt pools that
were produced with identical machine parameters, as had been attempted in this experiment.

2. The melt pools at the narrow section of the triangle were actually less likely to exhibit keyhole
regime melting than conduction regime. The mechanism by which this could be possible is

unknown.

Again the results from the charts on row (2) are expected and trivial: as laser power decreases, melt

pool width consistently decreases.

The narrow section results in row (3) appear to consistently show a decrease in melt pool width, as
the width of the scan line increases. This finding suggests that the increased width of the line causes

increased thermal conductivity, which in turn decreases the width of the melt pool.
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Figure 6.20

The effect of parameters on melt pool width
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6.2.2.1.3 - Melt Pool Peak Temperature Above the Keyhole Line

The effect of parameters on melt pool peak temperature are shown in Figure 6.22.

As can be seen in row (1), no clear trend exists in the response of the melt pool’s peak temperature,
as the width of the triangle section changes. This result is contrary to expectations that as the width
of the triangle section increases, and therefore the substrate’s heat-conducting ability increases, melt
pool peak temperature should decrease. One possible reason for this lack of decrease is that, while
the increased heat conduction reduces the temperature of the pool periphery, it has limited effect on
the temperature at the laser incidence spot. Another possible reason is that as the increased
conduction cools the periphery of the pool’s surface, this in turn increases Marangoni flow, which

can force hotter molten material upwards from the pool’s core, back into the path of the laser.

Again, the results of row (2) are expected and trivial: as laser power decreases, the melt pool’s peak

temperature decreases too.

As can be seen in row (3), melt pool peak temperature consistently increases as the line width
increases, across all triangle sections. The fact that this trend holds true at even the widest triangle
section, suggests that it is the result of accumulated heat: that as the number of hatches increases,
the temperature of the material in the path of the melt pool increases, thus increasing the melt pool’s

peak temperature.

6.2.2.2 - Keyholes in XCT Data

As was the case with the LoF XCT images, the reconstructed keyhole XCT data acquired at the ESRF
consisted of 11,400 TIF files, each with size 8029 x 8029 pixels. Figure 6.21 shows an example TIF
image, cropped to show only the 2D slice of the printed part.

Figure 6.21
A TIF image of the keyhole channels, from XCT at the ESRF
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Figure 6.22
The effect of parameters on melt pool peak temperature
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The first step in analyzing the images was to identify the 25 channels, beneath the line tracks, into
which keyholes would form. This was achieved by manually selecting the four corner line tracks in
the first and last image, and interpolating over the entire stack of TIFs, to assign corner points to
each image. Then, by dividing the space between these points in each image into rows and columns,
it was possible to assign a 100 x 150 pixel rectangle around the predicted location of every channel,
in each image. Figure 6.23 shows this demonstrated for the same 2D slice as shown in the previous

image.

Figure 6.23

The same TIF as in Figure 6.21, but with the keyhole channels ready for extraction

Each of these 25 rectangles were then extracted, rotated, and saved as separate files. Figure 6.24

shows the extracted lower-left channel from Figure 6.23.

Figure 6.24

The lower-left channel in the previous image, extracted and ready for analysis
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6.2.2.3 - Comparing Thermal Images and XCT

Using the same methods as described in the LoF section, each melt pool recorded with the thermal
camera was matched with the stack of XCT images that lay beneath it. These XCT images were then
thresholded, with any pixel with an intensity less than 94% of the image’s peak intensity assumed to
be a pore. This value was chosen by visual inspection, proving to be the most versatile at separating
pores from solid across a wide range of images. Any pore that touched any of the image’s edges was
discarded, as it was assumed to be either the protective channel above the line scan, or the narrow

edges of the triangle, rather than an actual keyhole pore.

The binary images were stacked together, and the REGIONPROPS3 function was used to calculate
the VW mean pore volumes, the VW mean pore sphericities, and the number of pores, for each of
the 1,046 melt pools recorded by the thermal camera. As was done in the LoF section, these three
metrics were plotted against six metrics extracted from the thermal images (melt pool length, width,

area, aspect ratio, peak temperature, and mean temperature), for each melt pool.

No discernable trends or processing regions were identified in any of the plots, either when all melt
pools were included in the data, or only the 180W melt pools (the most likely to exhibit keyholing)
were included. As examples, the same plots that were shown to contain processing regions for the

LoF analysis, are shown for the keyhole analysis in Figure 6.25.

As can be seen in Figure 6.25 (which includes all melt pool data), it would be very difficult to extract
any meaningful trends. It could be argued that the number of pores beneath a melt pool roughly

increases with its length, although the impact of this finding is limited.
Based on this almost-total lack of trends, three possible conclusions could be drawn:

1. The formation of keyhole pores is not associated with any kind of thermal signature that
differs from those of non-porous melt pools. Based on various studies highlighted in the
literature review section of this work, this possible conclusion is highly unlikely to be correct.

2. The thermal signatures associated with keyhole pore formation could not be detected with
the thermal camera that was used in this experiment, due to an insufficient resolution, or
frame rate, or other similar camera quality issue.

3. No keyhole pores were formed, even in the 180W line tracks at the narrowest part of the
triangle. Visually inspecting some of these narrow-triangle sections, a lack of porosity is

noted, making this possible conclusion likely seem correct.

This lack of keyhole porosity is surprising. Figure 6.26 shows a cube built for the parameter selection
experiment in the previous chapter. This cube was built at 175W, 500 mm/s, and 50um, and despite
the much greater thermal conduction available to the melt pool, abundant keyhole porosity was

observed.
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Example charts from the keyhole XCT and thermal image analysis, showing the lack of processing regions

Itis possible that the fundamental assumption of this experiment (i.e. that the lower levels of thermal
conduction inside the narrow triangle should result in increased keyhole porosity) was flawed. One
possible explanation for this counterintuitive result is that, since thermal conductivity actually
increases with temperature for IN-718, the accumulated heat within the triangle tips made keyholing

less likely than in the triangle bases, or the cube. An experiment to address this possibility will be

described in the Future Work chapter.
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Figure 6.26

A cube built for a previous experiment, showing that keyhole pores were expected for these machine

parameters

6.3 - Industrial Applications of L-PBF

All builds in this project have so far consisted of single lines, cubes, or other basic shapes. Attempts
were made to link thermal signatures from these builds to characteristics and defects in the micro-
and meso-structure. Any findings generated from these experiments automatically included the
caveat that their applicability to more complex builds, such as those performed in industrially-

relevant settings, may be questionable.

In order to test this applicability, three turbine blades were built, with identical geometries and
machine parameters, but different scan strategies. The standard bulk parameters of 100W, 500
mm/s, a 50um hatch spacing, and a 3oum layer height were used throughout. Figure 6.27 shows the

layout and dimensions of the part geometry.

The five major sections of the turbine blade were designed to include a range of geometrical features.

From the bottom upwards these are:

=

Fir Tree - Upskin and downskin slopes, with overhang angles as low as 20°.
Flange - A large and bulky section
Platform - An extreme overhang section, with unsupported, horizontal spans of up to 3mm

Airfoil - Tapering to a narrow point at its thin edge

AR SR S

Cap - A complex assortment of upskin, downskin, and thin-wall sections
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Figure 6.27
The design of the turbine blade

The three scanning patterns used in the builds were as follows:

1. Simple - Bi-directional scans, with 90° rotation between layers, aligned to the X and Y axis

2. Contour - Concentric perimeters, with 5oum spacing between them, starting at the outer
edges of the part, and progressing inwards to the centre

3. Chessboard - 3mm x 3mm squares, scanned in a random pattern, with 67° rotation between

layers

6.3.1 - Thermal Camera Data

Each turbine blade was 2,099 layers tall. Since recording all of these layers with the thermal camera
would have been neither possible nor useful, certain layers were selected for recording, with an
emphasis on overhangs and other such geometrically interesting features. The layers were recorded

with the 1024 pixel frame, at 2001ps.

The selected layers on each turbine blade that were recorded are shown inTable 6.3. Each melt pool
image was analysed using the same techniques described previously (thresholded at 1,336°C; highest
temperature pixel assumed to be the melt pool; all others set to zero; REGIONPROPS function used

to extract statistics).

Each melt pool image was analysed using the same techniques described previously (thresholded at
1,336°C; highest temperature pixel assumed to be the melt pool; all others set to zero;
REGIONPROPS function used to extract statistics).
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Table 6.3Table 6.3. Each melt pool image was analysed using the same techniques described
previously (thresholded at 1,336°C; highest temperature pixel assumed to be the melt pool; all others
set to zero; REGIONPROPS function used to extract statistics).

Each melt pool image was analysed using the same techniques described previously (thresholded at
1,336°C; highest temperature pixel assumed to be the melt pool; all others set to zero;
REGIONPROPS function used to extract statistics).

Table 6.3
The layers recorded for each turbine blade.
Feature Layer | Height [mm] | Feature Layer Height [mm]

Foot 20 0.60 300 9.00
Fir Tree 1 40 1.20 Shank 350 10.50
Upskin 60 1.80 400 12.00
8o 2.40 500 15.00

Fir Tree 2 gg 2?5) 22(2) iggg
Downskin 100 3.00 Platform 554 16.62
Fir Tree2 | 110 3.30 Downskin 556 16.68
Upskin 130 3.90 558 16.74
150 4.50 560 16.80
Fir Tree3 | 160 4.80 750 22.50
Downskin | 165 4.95 900 27.00
170 5.10 Airfoil 1050 31.50

Fir Tree3 | 190 5.70 1250 37.50
Upskin 210 6.30 1500 45.00
220 6.60 1810 54.30

Fir Tree4 | 225 6.75 Cap 1817 54.51
Downskin | 230 6.90 Upskin 1830 54.90
235 7-05 1850 55.50
Fir Tree 4 | 250 7.50 Cap 1900 57.00
Upskin 270 8.10 Downskin 2000 60.00

6.3.2 - XCT Data

Reconstructed data was acquired from the ESRF, in the form of approx. 9,000 TIF images for each
of the three turbine blades, with each image being 3924 x 1890 pixels in size. Figure 6.28 shows, as

an example, a cropped TIF image of the top of the shank of the Contour blade.
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Figure 6.28
A TIF of the shank of the Contour blade, from XCT at the ESRF

It was the intention of the experiment to match each melt pool recorded with the thermal camera, to
its 2D ‘footprint’ in the appropriate layer of XCT data. A major complication in achieving this was
the fact that, since the turbine blades had been removed from their baseplates by EDM before the
XCT took place, they were not placed into the x-ray chamber exactly upright. As a result, each TIF
image did not show a perfectly horizontal slice of the turbine blade, and even appeared significantly
distorted.

Figure 6.29, for example, shows an upskin section of fir tree two of the Contour blade. It is clear that
the shape as portrayed in the image, does not match the true form of a horizontal blade slice. The
distortion is so large, in fact, that the subsequent downskin section appears to be free-floating below
the part.

Figure 6.29

Significant distortion in the images of the fir tree in the Contour blade, due to the blade not being perfectly
vertical during XCT

In order to compile pixels from the appropriate TIF images, to create horizontal slices that match
the layers for which thermal camera data was recorded, it was necessary to calculate required

rotations for each turbine blade. To start, at least three coordinates (where Z is the TIF image
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number, and XY are the pixel coordinates within that image) were required for each blade, that were
known to be horizontally-aligned in reality, even if they were not according to the TIFs. The corners

of the EDM cut, at the very bottom of the blade, were chosen for this.

After manually selecting XYZ coordinates of the top left, top right, and bottom right corners of this
cut for each blade, a MATLAB script was written to calculate the rotation matrix required to rotate

the cut’s plane (around the top left corner point), to make it fully horizontal.

Once this rotation matrix had been calculated for each blade, it was possible to apply it to every pixel,
across each of the approx. 9,000 TIF images, to construct a full, rotated copy of the blades. This was

achieved by:

1. Initialising 9,000 blank images
Progressing through each of the raw (non-rotated) TIF images
Progressing through every pixel in each raw image

Rotating it according to the defined rotation matrix

AN S S

Saving that pixel’s value, in its rotated position, in the blank image stack
Due to the extreme computation cost required for this, all processing was done on the HPC.

By measuring each turbine blade with a Vernier callipers, it was possible to estimate the amount of
material that had been removed from it, when the blade was cut from the base plate by EDM. The
first 75, 80, and 80 layers appeared to have been removed from the Simple, Contour, and Chessboard
blade, respectively. Using the knowledge that these numbers of layers were absent in the XCT data,
and the fact that each XCT voxel measured 7.7um x 7.7um x 7.7um while each build layer was 3oum
in height, it was possible to determine which image in the rotated TIF stacks corresponded to which

layer in the thermal camera recordings.

Figure 6.30 shows layer 130, at the upskin of fir tree two, in the Contour blade. This is the same
section that was shown in the raw TIF stack previously. The difference between the raw and rotated

image is significant.
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Figure 6.30

The same fir tree image as previous, now rotated in 3D to remove distortion

6.3.3 - Comparing Thermal Images and XCT

Once a rotated TIF had been produced to correspond to every build layer recorded with the thermal
camera, the position of each melt pool had to be mapped to a location within the TIF. A single XCT

slice was chosen to correspond to each thermal image layer recorded.

This analysis achieved by (for each individual layer-TIF pair) superimposing together all melt pools
into one image, comparing this superimposed image to the TIF, manually selecting corner points in
each, and applying translations and rotations until the superimposed stack matched up with the TIF.
Figure 6.31 shows this process for layer 130 of the Contour blade, with the white and red dots in

images (1) and (2) being the points that were manually selected.
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(1) XCT Image

Figure 6.31
Mapping the rotated XCT images to the melt pool images

Once every melt pool, in each layer in each turbine blade, had its footprint in the XCT data defined,
these pixels could be extracted and analysed for porosity. A MATLAB script was written to threshold
the XCT footprint pixels at 90% of their median pixel intensity, as this value proved upon visual
inspection, the most consistent at differentiating pores from solid. Once pores had been identified,
those that touched the boundary of the part in the TIF image were excluded, as these were assumed
to be products of surface roughness, rather than actual pores. The remaining pores were analysed
using the REGIONPROPS function, to provide for each melt pool footprint: the footprint porosity
[%], number of pores, the area-weighted mean pore area [umz2], and the area-weighted mean pore

sphericity.

These four metrics were plotted against seven metrics extracted from the melt pool images (length,

width, area, aspect ratio, peak temperature, mean temperature, tail thermal gradient).

It had been expected that since keyhole mode melt pools are generally hotter and exhibit a greater

thermal gradient than conduction mode melt pools, the following trends would have been noticeable:

1. As melt pool thermal gradient increased, the footprint porosity, number of pores, and mean
pore area would increase.

2. As melt pool peak temperature increased, the same effects would be present.

Of the 28 graphs generated, any that plotted for number of pores, area-weighted mean pore area, or

area-weighted mean pore sphericity, showed no discernible trends, correlations, or distinct
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processing regions. Figure 6.32 shows, as an example, three such plot types in which the placement

of the data points appears entirely random within certain bounds.
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Figure 6.32

Example plots showing no trends or processing regions from XCT and thermal image analysis
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When plotted for footprint porosity (i.e. the amount of porosity in the XCT image that falls beneath
the footprint of each melt pool), however, distinctive processing regions begin to emerge. In each of
the three turbine blades, the minimum porosity that may lie beneath a melt pool rises alongside its
mean temperature and area (and similarly its length and width), as shown in Figure 6.33. No such

distinctive regions were found when plotting for the melt pool’s aspect ratio or tail thermal gradient.
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Figure 6.33

Example images showing distinct processing regions, when thermal signatures are mapped against

porosity
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The clearest processing regions of all, are found when plotting porosity against a melt pool’s peak
temperature, as shown in Figure 6.34.
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Figure 6.34

Very clear processing regions, obtained when melt pool peak temperature is mapped against porosity

In these charts, a very clear pattern is present: when a melt pool image shows an elevated maximum
temperature, the possibility that it is building free of pores becomes diminished. The same is true,

albeit to a lesser extent, when a melt pool image shows an elevated mean temperature, or area.

6.3.4 - Analysing XCT Independently

As well as extracting porosity beneath melt pool footprints, the pores and surface roughness of each
turbine blade was analysed individually, to see if trends could be drawn between the different

scanning strategies and pore frequency, size, and morphology at various sections of the blades.

6.3.4.1 - Pore Analysis

A MATLAB script was written to extract the XYZ coordinates of pore pixels from each 2D slice of the
rotated stack, and save them in an array. This array was then searched for adjacent pixels, allowing
all pores to be reconstructed into 3D volumes, complete with their centroid’s location within the
turbine blade, and their volume, sphericity, and aspect ratio. Figure 6.35 some example pores, which

intersect with a downskin layer of the Contour blade fir tree.
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Figure 6.35

Some example pores from the Contour blade fir tree

12,058 pores were identified in the Contour blade, with a combined volume of 34.76 x 10'° um3,
thereby accounting for 8.15% of the total blade volume. 6,468 pores were identified in the
Chessboard blade, with a combined volume of 8.47 x 10 ums, thereby accounting for 1.98% of the
volume. 5,286 pores were identified in the Simple blade, with a combined volume of 7.21 x 10'° ums3,
thereby accounting for 1.73% of the volume. Figure 6.36 shows a histogram of the pore volumes in

each blade, and the combined volume of each of the bins of pores.
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Figure 6.36

The total volume of each pore size, in the three blades

206



It was found that the pores in the Chessboard and Simple blades were generally smaller and more
spherical, and spaced evenly throughout the component, while the pores in the Contour blade were

larger, more irregular, and concentrated at points where the spiralling contour vectors met.

Table 6.4 shows a few examples of pore morphologies and volumes. The pores have been selected
from the list compiled from each blade, with the pores ranked in order of volume. As can be seen,
the pores from the Chessboard and Simple rapidly become spherical as their ranking decreases,

whereas the Contour pores remain large and complex.

6.3.4.2 - Surface Roughness Analysis

A MATLAB script was written to extract a surface outline for every rotated TIF image, for each of the
three turbine blades. Figure 6.37 shows some example outline, extracted from the Simple airfoil and

Contour fir tree upskin.

Figure 6.37

The extracted surface outlines (in red), overlaid onto rotated TIFs for the layers in the Simple airfoil (top)
and Contour fir tree upskin (bottom)
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Table 6.4

A selection of pores from each blade, drawn from a list ranked by volume

Pore

Contour

Chessboard

Simple

lst

Biggest

3.21 X 106 um3

10th
Biggest

100t
Biggest

500th
Biggest

1,000th

Biggest

S

1.43 X 103 pms3

5,000th

Biggest

.65 X 103 um3

4.76 X 102 ums3

it

7.48 X 102 pms3
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In order to obtain a measure of surface roughness from these outlines, they were first broken into

two categories:

e Those that ‘should’ (according to the Netfabb design) be straight lines. All external surfaces
in the fir tree, the long sections of the fir tree cooling channel, most of the platform overhang,
and some section in the cap fell into this category.

e Those that shouldn’t be straight lines. The short section of the fir tree cooling channel, the

air foil, some sections of the platform, and most sections in the cap fell into this category.

Attempts were made to design an automated system that received all of the approx. 9000 outline
images, for each of the three blades, and divided each image up into outline sections that should and
should not be straight lines. It was soon discovered, however, that the alternative approach would
be much more straightforward: significantly downsize the number of images being processed, and

divide them up manually.

The same 42 layers that were chosen for thermal camera recording (see Table 6.3) were chosen for
each blade. Each melt pool image was analysed using the same techniques described previously
(thresholded at 1,336°C; highest temperature pixel assumed to be the melt pool; all others set to zero;
REGIONPROPS function used to extract statistics).

A MATLAB script was written to allow user selection to divide up the sections. Figure 6.38 shows
this division for a fir tree upskin layer from the Chessboard blade. A non-rotated XCT slice has been
chosen for this example (i.e. the top edge shows an upskin section, while the bottom edge shows a

vertical section), in order to highlight the difference between the two in terms of roughness.

Figure 6.38

A Chessboard fir tree upskin layer divided up into sections that should be straight lines (red), and sections
that shouldn’t (blue). Each section is ended with a black dot for visual clarity.
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In order to calculate the surface roughness of the straight line sections, each section had a line of best
fit calculated, and the mean distance of each outline pixel from this line was found. Figure 6.39
demonstrates this, using the same line section as in the fir tree in Figure 6.38. A possible limitation
of this method is demonstrated, whereby the long, narrow, downward deviations of the red line cause

the entire blue line to shift downwards.

Figure 6.39

The line of best fit (blue) is applied to the fir tree outline section (red), and the absolute perpendicular

distance of each outline pixel from the line is calculated.

To calculate the surface roughness of the curved sections, the boundary outlines were smoothed
using a moving mean, with a window size of 80 pixels, and the mean absolute perpendicular distance
of each boundary pixel from the smoothened curve was calculated. Figure 6.40 demonstrates this,

with the same airfoil tail section as shown in Figure 6.37.

Figure 6.40

The moving mean smoothened outline (blue), and the original outline (red) of a Simple airfoil tail section

Using these two methods, it was possible to produce an R, for each section, of each of the 42 selected
layers, for each of the three turbine blades. These values are summarised in Figure 6.41, which show

average R, for each section, with standard deviations as errors.
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Figure 6.41

The average R, for various blade geometries. Shank here includes the vertical sections of the fir tree.

Two notable conclusions can be drawn from these values, each of which align with established
literature. Firstly, the fact that R, is consistently highest in upskin sections (fir tree, platform, and
cap upskins), medium in downskin section (fir tree, platform, and cap downskins), and lowest in
vertical sections (cooling, shank, and airfoil), matches what other researchers have found about the

effects of dross [332, 333] and staircases [152, 334].

Secondly, it is clear that the Chessboard blade has the roughest surfaces overall, with the highest R,
values in almost every category. The Simple blade is slightly smoother, though often the differences
between the Chessboard and Simple are within error. The Contour blade has the lowest roughness
by far, due to the fact that it’s perimeters consisted of a single, unbroken vector, as opposed to the

other two blades, whose perimeters consisted of many vector ends.

Based on these results, and the pore analysis results presented earlier, a clear recommendation can
be drawn, that is also supported by literature [335, 336]. A chessboard scan strategy is likely to
reduce internal porosity within the interior of a component. The external perimeter, however, should
then be finished off with a contour outline, to reduce surface roughness. A combination of these two

strategies is most likely to reduce both forms of these mechanical defects.
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6.4 - In-Situ Mesostructure Conclusions

The experiments in this chapter primarily investigated the ability of the thermal camera to locate
specific pores, whether placed deliberately or not, within samples. Optimal parameters for full
density in IN-718 components were first determined with high-throughput cube testing. The

parameter set chosen was found to be consistent with previous findings in literature.

Samples were produced with geometries and powers that were intended to cause LoF and keyholing
porosity within parts. These pores were detected with XCT, and their locations were cross-correlated
with melt pool images. Trends were searched for between these pores, and the thermal signatures

of the melt pools that formed them.

It was found that linking specific thermal signatures with the creation of pores was challenging, due
to the stochastic nature of L-PBF. Meaningful processing windows were discovered for the LoF pore
samples. These windows showed that the upper limits of both the number of pores, and the volume
of pores, beneath a melt pool footprint, correlated predictably with melt pool and temperature. This
suggests that the thermal camera can predict the likelihood of the process straying into an
unacceptable porous region. No such windows were discovered for keyhole porosity, possibly due to
a flawed assumption that accumulated heat increases keyholing likelihood in IN-718, whereas the

material's thermal conductivity increase with temperature may actually decrease this likelihood.

When applied to a complex turbine blade geometry, it was found that one significant process window
that results is that of peak melt pool temperature. Namely, when a melt pool exhibits an elevated
peak temperature, the possibility that the pool is building free of pores becomes diminished. This
finding suggests an applicable usage of thermal camera monitoring in industrially relevant

processes.
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7 - Conclusions

The experimental work carried out in this project provided a comprehensive exploration into the
characterisation of the in-situ monitoring equipment available at the University of Sheffield, and the
equipment’s value in revealing the microstructural and mesostructural properties of IN-718 and
ABD-900AM in L-PBF.

It was discovered that a range of corrective measures had to be taken, to account for distortions in
thermal camera images arising from the camera’s 15° angle offset from vertical, and the defocusing
that resulted in turn. Melt pool widths, peak temperatures, and mean temperatures were found to
change by -6%, -5%, and +5% respectively, for each mm that their centroids drifted from the frame’s
line of focus. This result showcased the limitations of off-axis imaging, as only select areas of the
baseplate can ever be entirely in focus, and melt pool images from outside of these areas will require

corrective measures.

It was found that, while melt pool lengths did not exhibit noteworthy size changes as they strayed
from the focus, their values nonetheless required corrections to account for motion blur.
Experiments showed that 1.3Vt (where V is laser velocity and t is camera exposure time) had to be

subtracted from the length measurement that appeared in thermal camera images.

Even with these corrections, it was still found that thermal camera images were under-predicting
melt pool dimensions by a factor of between 3 and 5, when compared to optical microscopy and
ThermoCalc models. Based on this, it was concluded that thermal camera results should be
considered accurate for the discovery of trends, but should not be considered accurate in contexts
when absolute dimensions are required, such as when comparing different machine setups, or when

attempting cross-experimental dimensionless analysis.

The circular dependency of temperature and emissivity remained problematic, despite attempts to
verify methods of removing emissivity from calculations, by instead searching for the liquidus arrest
in cooling curves. The liquidus arrest should, in theory, exist as a brief slowing of the falling

temperature, as the curve progresses from melt pool interior to exterior.

Due to the random fluctuation of temperature along the melt pool cooling curve, creating an
automated system to detect the liquidus arrest proved difficult for single line tracks, and impossible
for more complex shapes. A fixed emissivity was therefore used for all temperature conversion

calculations.

Despite all these limitations of the thermal camera, many coherent trends were identified across
thermal signatures arising from varying build parameters. Melt pool length, width, area, and peak
temperature consistently responded to changes in scan length and layer height, in the manner that
was expected from the theory of thermal conduction. Increasing layer height, in particular, was

found to increase melt pool dimensions as thermal conduction was lowered.
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Such coherency was not universal. Some build parameter changes did not result in any trends, while
increasing the quantity of LoF porosity beneath a melt pool’s path was actually found to decrease its
dimensions and temperature, contrary to expectations. A theory was proposed as to how this
seemingly counterintuitive observation was possible: the liquid melt pool may sink into the

underlying porosity, thereby reducing the area visible to the thermal camera.

In terms of both microstructural and mechanical properties, no consistent trends were identified
between thermal signatures, and the size or morphology of microstructural features, or hardness.
This lack of a trend strongly suggests that an expectation that machine parameters and thermal
signatures can act as an accurate proxy for the thermal gradient and solidification velocity at the
solid-liquid interface, is oversimplified. The only significant correlation between metrics from
different data sources was that between sample porosity (identified from optical microscopy) and
grain misorientation (identified from EBSD). The correlation implied that LoF pores disrupt
epitaxial columnar grain growth, promote new nucleation sites, and thereby result in greater

misorientation within the alloy.

Additionally, it was found that the ability of the thermal camera to identify the formation of specific
LoF or keyhole pores was limited. Several reasons were suggested for why the camera system may
not be capable of detecting the subtle thermal signatures associated with pore formation, some of

which were related to image quality, while others were related to the signatures themselves.

While individual LoF pore creation detection remained elusive, clear processing boundaries were
established that suggested where LoF porosity was likely. It was found that as melt pool dimensions
increased, and as mean temperature decreased, the upper limit of the resulting pore volume and
frequency below the pool, increased. When these analysis methods were applied to a complex,
industrially-relevant build, it was also found that a strong correlation exists between an elevated melt

pool peak temperature, and an increased porosity beneath the melt pool.

Taken all together, these findings highlight the strengths and weaknesses of off-axis thermal
monitoring. Careful calibration is required before the system can be considered ready for use. The
extent to which porosity formation can be determined from any individual melt pool image is very
limited. Process maps can be drawn to suggest the likelihood of components building in porous or
non-porous regions. Expecting to predict microstructural or mechanical properties from thermal

signatures is to over-simplify the complexities of solidification.
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8 - Future Work

The results of much of the experimental work carried out in this project lead to further research
questions that require investigating. These research questions will be broken down by the research

category they belong to.

8.1 - In-Situ Monitoring Equipment

The following research questions arose from the first experimental chapter, which investigated the

calibration of the thermal camera.

8.1.1 - Motion Blur

The experiment intended to determine the effects of motion blur on the length of melt pools in
thermal images yielded some unexpected results. It stands to reason that the extent to which a melt
pool is extended should be simply a product of the laser speed (V), and the camera’s exposure time
(t). For example, if the laser is travelling at 500 mm/s, and the exposure time is 1ms, then the

extension due to motion blur should be:
500 MM/c % 1ms = 500um

However, the experimental results consistently showed that the extension is not Vt, but 1.3Vt. Itis
currently unknown how or why the 1.3 constant arises. Possibly the number is an artefact of some
imperfection in the camera, the recording software, the L-PBF machine, or some piece of equipment.
It could be the case that the laser speed with which Sheffield University’s Aconity LAB builds is 130%
of the speed it’s programmed to. Experimental investigation is required to uncover the meaning

behind the number.

In order to test if the Aconity’s laser velocity is significantly faster than it is programmed to be, a
large rectangle could be printed, with long vectors to minimize the effect of skywriting time. A phone
camera could be used to record the printing through the viewport, and the video analysed to calculate

the time required to print the shape.

From this, should the Aconity laser velocity be shown to be accurate, a similar rectangle could be
printed and recorded with the thermal camera, to see if it is recording at a frame rate that matches

expectations.

8.1.2 - Emissivity

The experiments conducted to see if melt pool dimensions could be calculated based on liquidus
arrest, rather than on emissivity conversion, proved unreliable. When single line tracks were
scanned across a powder-free base plate, the liquidus arrest could only be automatically detected in

the cooling curve in 38% of melt pool images, required human input to be found in 30% of images,
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and could not be found at all in 32% of images. When single line tracks were scanned across powder,
these numbers were 21% (automatic detection), 23% (human required), and 56% (detection
impossible). When more complex shapes were scanned in powder, detection was discovered to be

entirely unfeasible.

The reason that detection proved so difficult was due to the large temperature fluctuations in any
cooling curve that was extracted from a melt pool. The liquidus arrest was hidden amongst other

rises and falls, and differentiation was often impossible.

Further work could be undertaken to see if these difficulties could be overcome. It is possible that
superior methods of either extracting a non-fluctuating cooling curve, or distinguishing the liquidus
arrest from the fluctuations, could result in the melt pool dimensions being determinable from any

melt pool image.

Attempting the experiments again, with different powers, speeds, and materials, or possibly using a

different camera setup, may prove to alleviate these difficulties.

8.1.3 - Thermal Camera Dimension Under-Prediction

When melt pool dimensions, as determined from thermal camera images, were compared to
dimensions that were determined from either optical microscopy images or ThermoCalc models, it
was found that the latter two of these methods yielded very similar results, while the thermal camera

consistently under-predicted lengths and widths by a factor between 3 and 5.

Due to the fact that the trends within the thermal camera results were self-consistent, this
inconsistency with other measurement methods was interpreted as further evidence that the camera
should not be relied upon for exact dimensions. Therefore, for the remainder of the work, no

comparison was made between thermal camera dimensions, and any other type.

Further work could be undertaken to better understand why this under-prediction occurs. It could
be a case of melt pools being under-sized during image analysis, or it could be due to melt pool
peripheries not emitting sufficient IR light, or it could be some other factor. A better understanding
of the reason for this inconsistency would allow for more confidence in results derived from the

thermal camera.
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8.2 - Microstructural Development

The following research questions arose from the second experimental chapter, which investigated

the ability of the thermal camera to predict microstructural development.

8.2.1 - Effect of Hatch Spacing on Heat Accumulation

The effect of increasing hatch spacing on the thermal properties of a sample remained unclear, after
the experimentation in this chapter. There was some evidence to suggest that as hatch spacing
increased, there was a decrease in preheating of powder in the laser’s path, so therefore lower heat
in the melt pool. There was also some evidence to suggest that as hatch spacing increased, and
therefore more of the material in the laser’s path transitioned from solid to powder, the thermal

conduction of the melt pool decreased, so therefore there was greater heat in the melt pool.

It is possible that one of these effects is entirely dominant over the other, or it could be possible that
the effect that is more dominant depends on the hatch spacing and other factors. Further work is
needed to better understand which theory should be considered more viable, and under which

circumstances.

A test could be designed to test a wide range of hatch spacings, while keeping other parameters
constant, and repeated for several different powers and speeds. When components built under these
conditions are analysed with the thermal camera, more information about the effects of hatch

spacing on heat accumulation will be revealed.

8.2.2 -Value of Thermal Gradient Measurements

Due to the strong linear correlation between thermal gradient, as extracted from the tail of melt pool
images, and the length of these melt pools, it was suspected that this method used to estimate
thermal gradient was not actually a true representation of the gradient at the solidification front, but

rather just a function of the pool’s length and peak temperature.

Further work is required to determine a better way of extracting a thermal gradient for the
solidification front. This work would be closely linked to that described in Section 8.1.3, since an

accurate determination of the boundary of the melt pool is needed for both.

Further analysis could be undertaken, with a more exact method of extracting thermal gradient
measures, rather than those based on the melt pool length. For example, the few hundred degrees

of cooling immediately after the peak temperature pixel, could be analysed instead.
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8.2.3 - Relationship Between Hardness and Microstructural Features

According to the Hall-Petch relation, as grain size decreases, strength (here inferred by hardness)
increases. Such a straightforward correlation was not found in this experimental work, however,
with the microstructural feature sizes according to neither EBSD results, nor SEM results, neatly

correlating with sample hardness.

There could be several reasons for this lack of a trend. Measurement issues, with any of the three
methods, could have played a role. The Hall-Petch relation may be oversimplified for this kind of an
analysis. Hardness and strength may not be perfect proxies for each other. Further work would be
required to fully understand whether the initial assumptions that SEM/EBSD feature size should be
correlated with hardness is correct. Such work may reveal whether the contributions of feature size
to hardness are small in comparison to other effects associated with rapid solidification in L-PBF,

such as those of microsegregation, high residual stresses, dislocation densities, and anisotropy.

Another major reason for this lack of a relationship, could revolve around the measurement
technique used to test for hardness. Since indents were deliberately selected to stay imm away from
pores horizontally, but may have been close to pores vertically, the method cannot be said to be

unbiased. Using a more rigorous and thorough selection method may result in a trend being present.

8.2.4 - Predictions Based on the GR Diagram

Many of the predictions about the effects of machine parameters on grain size and morphology were
based on the Thermal Gradient - Solidification Velocity diagram. The extent to which these
predictions were proved correct was highly questionable. There could be several explanations as to
why the linkage between machine parameters and grain size/shape output broke down. The effects
of machine parameters on thermal gradients and solidification velocities could have been

misunderstood. There could have been errors in microstructural measurements.

Additionally, it could be the case that, even were it possible to accurately control thermal gradients
and solidification velocities via machine parameters, and also possible to measure grain size and
shape with complete accuracy, it may still be an oversimplification to expect the latter to be easily

predicted by the former, when it comes to the stochastic and chaotic nature of L-PBF.

Further research on this question would be valuable. Specifically, an experiment could be designed
to carefully alter both the thermal gradient and solidification velocity of a melt pool, and to determine

the extent to which its microstructure matches what the GR diagram predicts.
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8.3 - Mechanical Defect Development

The following research questions arose from the third experimental chapter, which investigated the

ability of the thermal camera to predict mesostructural development.

8.3.1 - Melt Pools Sinking into LoF Porosity

Melt pools were often found to decrease in size, as the amount of LoF porosity in the substrate
beneath them increased. This finding was entirely contrary to the logical reasoning that, as thermal
conduction decreased due to porosity, melt pool size should increase. One possible explanation for
this finding is that as porosity increases, the molten alloy in the pool can sink into the voids beneath
it, therefore decreasing the area of its surface visible to the thermal camera. Based on the fact that
dross at overhangs is known to protrude downwards from the downskin, this theory seems very

possible. An experiment focused entirely on this possible phenomenon would be valuable.

Designing an experiment that tests this phenomenon would involve running single line tracks over
various types of porosity, ranging from fresh powder to lightly sintered powder, to fully dense solid.
By recording such tracks with the thermal camera, it will be possible to determine if the molten metal

is sinking into the pores.

8.3.2 - Lack of Keyholes in Narrow Sections

When a 2mm x 2mm cube was built with 175W power, 500 mm/s speed, and 50um hatch spacing,
abundant keyholing was observed. When a narrow triangle section, with far less volume for heat to
conduct away from the melt pool into, was built with 180W power, 500 mm/s speed, and 50um hatch

spacing, no obvious keyholing was observed. This result appears completely counter to logic.

One possible explanation that was proposed involves the thermal conductivity of IN-718. Because
conductivity increases with temperature, it may be possible that in the cube, where less heat
accumulation is possible, and therefore the temperature of the solid alloy surrounding the melt pool
is lower, heat was actually conducted away from the melt pool at a lower rate than in the triangle tip,

and therefore keyholing was more likely.

An experiment designed to test this hypothesis would be very important in understanding the effects
of complex geometries on porosity. It could be the case that in bulk sections, less prone to heat
accumulation, risks of keyholing are more pronounced than in narrower sections, and therefore

engineers and technicians should adjust machine parameters accordingly.
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8.3.3 - Camera Quality and Pore Formation

It was determined that the ability of the thermal camera to detect the formation of any individual
poreis limited. A range of reasons for this fact were proposed. It could be the case that the resolution
of the camera (either spatially, temporally, or thermally) is insufficient to detect the subtle thermal
signatures involved in pore formation. Alternatively, it could be the case that such thermal
signatures (or rather their differences from non-pore-creating thermal signatures) are too subtle for

detection by any state-of-the-art camera system.

Searching for the formation of pores with an on-axis, higher-speed, two-wavelength camera, which
allows for greater resolution entirely dedicated to the melt pool, would be a necessary first step in

understanding this question.

8.4 - Future Work Conclusions

The ultimate aim of much current research into L-PBF is the implementation of closed-loop control,
in which in-situ monitoring systems detect in real time when a build process is producing mechanical

or microstructural defects, and adjusting machine parameters to correct the process.

This current work has shown that there remains much understanding to be gained in the context of
relating individual thermal signatures to defects. Should the art form ever advance to the stage where
specific pores can be detected at their moment of creation, or where the microstructure beneath a
melt pool can be accurately predicted, then much higher resolution monitoring equipment is needed,
in combination with XCT and other ex-situ methods, to find if individual thermal signatures can

reveal substantive information about their solidification.
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9 - Appendix

The following sections have been removed from their respective chapters, and moved to this
appendix, as the content contained within them was not considered sufficiently relevant or

significant to include in the main thesis.

0.1 - Literature Review

A subsection on Machine Setup was originally included in Section 2.5 - Factors Affecting Build. It

will be presented here:

In addition to the most obvious and changeable machine parameters (laser speed and power, hatch
spacing, and layer height), there are several background-type settings and configurations that can

significantly affect build quality. A few of these will now be explored.

9.1.1 - Powder Coating Type

There are five major categories of powder recoating systems, used to spread powder across the build

plate:

e Hard blades, usually composed of steel, and which move across the build plate at high speed
[25]
e Soft blades, usually polymer lips, which can elastically compress upon contact with minor
swelling from components [25]
¢ Rolling cylinders, composed of hard or soft materials, often rotating counter to its direction
of movement across the build plate [337]
e Brushes or bristles, often made from carbon fibre, that gently push powder particles across
the build plate without damaging fragile components [338]
¢ Contactless systems, usually based on conveyor belts, vibratory devices, or air-blades, which
ensure zero physical contact with components on the plate [339]
As determined by Uriati et al. [340] and Reijonen et al. [341], when it comes to hard vs soft blades
(the two most commonly used recoater types) there exists a clear trade-off. Hard blades tend to
deliver better powder bed uniformity, and increased dimensional accuracy, until a swollen feature
causes a collision. At this point either the feature will break free, resulting in significant damage to
the component, or the build will halt entirely, requiring a total reset. Soft blades deliver poorer
powder uniformity, and lower dimensional accuracy, but are much more forgiving of swollen
features, and can continue working even if significantly damaged. A damaged recoater blade will,
however, lead to uneven tracks of powder running across the bed, which may also render a

component unusable.
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Figure 9.1

Reijonen demonstrated how soft blades are more forgiving of swelling, but may become damaged, leaving
tracks in the powder bed; whereas hard blades shave off spatter and swollen features, which may damage

the part [341]

Doris [342] attempted to build thin-wall from IN-718 across 16 different L-PBF machines, 5 of which
used soft blade recoaters, 7 of which used hard blades, 3 of which used brushes, and one of which
used a non-contact system. Only four of the systems successfully built the thinnest walls (0.1mm
thick), three of which used soft blades and one of which used non-contact. It was noted that amongst
the many reasons for machines to fail at building these thin walls, contact with recoaters was

common.

9.1.2 - Inert Gas Flow

The type of inert gas pumped through the build chamber, the positioning of the outlets, the velocity
of the flow, and the positioning of the components relative to the outlets, can all have significant

impacts upon the melt pool dynamics and component quality.

Pauzon et al. [343] studied the effects of using argon vs nitrogen gas during the build process of IN-
718. It was found that very few observable differences resulted from the gas choice. The difference
in nitrogen content between the powder and component (due to nitrogen evaporation from the melt
pool), was found to be about 400ppm for argon gas, but only 350ppm for nitrogen gas. It was
suggested by the authors that this decrease of reduction in nitrogen content may lead to increased
nitride and carbonitride phases, which are known to act as both crack initiation sites and grain

refiners, depending on their context.

Decker et al. [344] also experimented with variations in inert gas composition for IN-718, namely:

100% argon; 70% argon, 30% helium; 30% argon, 70% helium; and 68% argon, 30% helium, 2%
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hydrogen. Spatter generation was found to be reduced by increasing helium content, arguably due

to helium’s higher thermal conductivity and therefore ability to cool airborne spatter faster. This

reduction in spatter in turn led to a reduction in porosity for the samples processed in high helium

content. Both the microstructure and mechanical properties of all samples were not affected by the

choice of gas in a statistically significant way. The authors suggest that engineers should consider

the addition of some helium into the standard argon gas used in L-PBF, for the purpose of increasing

process stability.

The velocity and uniformity of gas flow that a melt pool experiences, will differ greatly depending

upon where it is relative to the gas inlet and outlet nozzles. Abeyta [345] experimented with the gas

flow across an EOS M290 machine, and found that the flow velocity was reduced by 64% as gas

moved from the inlet nozzles positioned 35mm above the upper build plate (2.5 m/s) to the outlet

nozzles at the lower front (0.9 m/s). At a height just 8mm above the build plate, flow velocity varies

between 0 and 2 m/s.

|
[s/w] AA Bay

\\\\\\\\\\\\\\

|
[s

/] AN Bay

35 mm

Z=

n o un
S A A
1 | I
[s/w] AA BAy

w —U.

Jw] AN Bay

Figure 9.2

Flow velocities at various heights above the build plate, from Abeyta [345]

These results naturally prompt a question about the importance of flow velocity to melt pool

properties and component quality. Chien et al. [346], using a coupled Computational Fluid

Dynamics (CFD) and Discrete Element Method (DEM) simulation, showed that spatter particles are

ejected from melt pools with velocities of 4 to 7 m/s, and that higher inert gas flow velocities,

approaching these spatter velocities and ideally directed opposite to the scan direction, are more

effective at removing spatter particles from the laser’s path. Greater flow velocity was also shown to

remove accumulated heat from the gases above the melt pool, thereby significantly increasing
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cooling rates. Combined, these effects were suggested to improve part quality notably. It is noted,
however, that a trade-off exists: very high gas flow velocities will lead to the removal of finer powder

particles from the bed.

9.1.3 - Beam Profile

A beam’s profile is a measure of the laser energy that it delivers across the plane normal to its
direction. Though all relevant data is contained in the profile, for practical purposes three
interdependent parameters are usually discussed: the beam shape (i.e. Gaussian, top hat, ring, etc.);
the spot diameter; and the laser’s focal point above or below the build plate. It can be very difficult

to alter one of these parameters without significantly affecting the others.
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Figure 9.3
The shape and effects of three common beam types [347]

Cozzolino et al. [348] experimented on the effects of using a Gaussian vs ring beam shape in the
building of IN-718. The Gaussian beam diameter (defined as the point at which intensity is 1/e2 of
the maximum) was 8oum. The ring diameter was around 240um, with 90% of the laser energy being

concentrated at the edges.

Components produced with the ring profile were found to have wider, shallower melt pools, as
opposed to the narrow and deep pool from the Gaussian. The ring components exhibited more
directional solidification, and thinner columnar grains. The effects of beam profile on mechanical

properties and surface roughness were considered negligible.
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The major advantage of the ring profile was a 19% decrease in build time, attributable to the lower
number of scan vectors required for the larger spot. Since a VED of 67 J/mm3 was used for both
builds, the laser energy consumed was near-identical in each. Due to the decrease in machine time,

however, the entire process consumed 10% less energy for the ring than the Gaussian.

Mirzabeigi et al. [349] identified similar trends, experimenting with different diameters of Gaussian
beams in IN-718. By using a beam of diameter 400um, build rates of up to 16 mms3/s were achieved,
which is around four times the industrial norm. This increase in productivity came at the cost of
wide, shallow melt pools, with fine, columnar grains that may be harmful to a component, depending

on intended usage (e.g. if it were loaded in tension along the build direction).

While many commercial L-PBF machines can not alter the diameter of their laser beams, a similar
effect can be replicated by adjusting the beam focus. Zhong et al. [350] built IN-718 samples with a
Gaussian beam, at five different focus levels ranging from omm (focussed on the base plate, with a
dimeter of 7oum), to +20mm (focussed above the base plate, with an effective diameter of 197um).
It was found, for the power, speed, and hatch parameters tested, that omm and +5mm focus led to
melt pools too narrow and deep to overlap with each other, that +10mm focus lead to full density,
and that +15mm and +20mm focus led to insufficient melting. It therefore stands to reason that, by
adjusting power, speed, and hatch to provide an appropriate VED regardless of spot size, using
defocussed lasers could lead to the productivity gains without microstructural sacrifices that other

researchers achieved.

9.14 - Base Plate Preheating

Preheating the base plate in a L-PBF build can have two major effects: thermal gradients and cooling
rates inside the melt pool are reduced; and the temperatures to which material is cooled while still
inside the build chamber, is increased. Combined, these effects can influence residual stresses,

cracking behaviour, microstructure, and mechanical properties.

Park et al. [351] demonstrated the effects of preheating the build plate in IN-718, on each of these
four categories, with temperatures ranging from 50°C to 150°C. It was found that in the X direction,
preheating did not significantly affect residual stress, only reducing the value from 77 MPa to 68 MPa
as the temperature increased from 50°C to 150°C. In the Z direction, however, residual stress was
reduced by 22%, from 422 MPa to 332 MPa. This reduction of residual stresses in turn led to a

reduction of cracks within the components.

As preheat temperature increases, density increased from 99.982% at 50°C to 99.992% 150°C. The
size and shape of melt pools were not observed to vary across the temperatures, although the
anisotropy of grains was found to decrease as temperature increased. As temperature increased,

inter-granular misorientation was found to increase, while intra-granular misorientation decreased.
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Interestingly, there was no significant difference in hardness, tensile strength, yield strength, or
elongation at failure, as preheat temperature increased. It is therefore concluded that increasing
preheat temperature is a practical remedy to many of the defects that arise from residual stress
(thermal warpage, cracking, etc.), but will not have a major impact on components that are not at

risk of such defects.

9.1.5 - Base Plate Material

Welding two different alloys onto each other is not a trivial task. Significant mismatches between
melting ranges and thermal stress responses can make bonding difficult from a mechanical
perspective, and an inability of one chemical composition to nucleate onto the other can cause

incompatibility from a metallurgical perspective.

There exists in the literature very few experiments that report an explicit comparison of IN-718 build
quality on different base plate alloys. Shrivastava et al. [352] tested the bonding between IN-718
powder and wrought IN-718. As expected, these chemically-identical alloys were highly compatible,

with excellent bonding between them.

Chen et al. [353] demonstrated that the bonding of IN-718 onto a 316L steel substrate is more
achievable via L-PBF than it is through traditional welding, due to the rapid cooling rates, which
suppress Laves formation. It was suggested that, with careful parameter control, adequate

metallurgical bonding can take place.

9.1.6 - Future Machine Possibilities

Many researchers are beginning to experiment with very advanced L-PBF techniques, in which
machines are augmented and enhanced to allow for better printing and higher quality builds. A very

quick summary of some such techniques will now be presented.

Within a melt pool, charged metallic atoms circulate due to convective and Marangoni forces. Should
a magnetic field be applied to the melt pool, a Lorentz force will be generated, further impacting the
molten alloy’s movement. Via careful positioning of this field, forces can be exerted on melt pools
which cause them to be deep and narrow, or wide and shallow. Yu et al. [354] demonstrated that the
application of a static magnetic field to IN-718 melt pools can results in both grain refinement, and
an increased fraction of equiaxed grains. Liu et al. [355] experimented with non-static magnetic
fields in IN-718, to create an electrostatic stirring effect inside the melt pool. Convective currents in

the liquid were increased, which inhibited the segregation of alloying elements like Nb and Ti.
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Figure 9.4

Liu’s microstructures, built under omT (a), 3omT (b), 5o0mT (c), and 8omT (d). Note how segregation
lessens as magnetic flux density increases. [355]
The use of ultrasonic vibrations is another method of increasing melt pool stirring. Wang et al. [356]
demonstrated that ultrasound can induce cavitation and acoustic streaming (the generation of
macroscopic fluid flow from sound waves) in a IN-718 melt pool, which resulted in better mixing, the

homogenisation of heat and density, and ultimately more equiaxed grains and fewer Laves phases.

Using a pulsed laser, Wu et al. [357] successfully used plasma to enhance the L-PBF process. After
each melting pulse (around 200ns long, and 0.03mJ in energy), an ionising pulse (around 4ns and
0.1mJ) followed to turn some of the melt pool’s surface into plasma. The very high pressure exerted
on the melt pool by this plasma plume promoted better flow in the liquid, suppressed balling, and

reduced porosity.
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Figure 9.5
Wang’s microstructures, built under various ultrasonic frequencies, and a plot showing the effects on mean

grain size [356]

9.2 - In-Situ Monitoring and the Microstructure

The following charts and discussion were originally included is Section 5.3 - Data Analysis, but have

been moved due to their lacking in significant insight.
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9.2.1 - Thermal Camera Data
9.2.1.1 - Mean Melt Pool Temperature

The mean temperature of all the pixels inside the melt pool was calculated, for each melt pool image.

In Figure 9.6, the means of these mean temperatures are displayed, for each of the 27 cubes.
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The effects of machine parameters on mean melt pool temperature
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As can be seen from these charts, little valuable information can be drawn from analysing the mean
melt pool temperatures. The errors (standard deviation of the measurements) are far more
significant than the differences between the means. This extreme variability in the mean of each
pool (which in turn leads to little variability in the mean of means) is explained by the fact that the

number of peripheral pixels in each pool, close to the liquidus threshold, can vary significantly.

9.2.1.2 - Peak Melt Pool Temperature
A single value for peak temperature was extracted for each melt pool. Figure 9.7 shows these peaks.

As can be seen from row (1) of Figure 9.7, where the data is separated by layer height, there exists a
trend for peak temperature to decrease as scan length increases. This trend matches the expectation
that longer scan lengths will result in the temperature of solid material adjacent to melt pools being

lower, therefore increasing thermal conduction, and lowering the temperature of the liquid material.

As can be seen from row (2), the effect of hatch spacing on peak temperature is inconsistent. It was
expected that at higher hatch spacing, due to lower thermal conduction, peak temperatures would
be higher. This is generally true for the cubes with 5mm scan length, but not for the 3mm or 1tomm
cases. There does not appear to be any alternative trend that is evident in the 3mm or 10mm samples.
It was reckoned that the non-existence of a trend is either due to the hatch spacing expectations
being incorrect (this will be addressed further later), or due to the stochastic nature of the

measurements and the large error in them.

As can be seen from row (3), peak temperature generally tends to increase with layer height, although
not always to a significant extent. This finding roughly matches the expectation that increasing layer
height will decrease thermal conduction into the solid material below the melt pool, therefore

increasing melt pool temperature.
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Effect of Machine Parameters on Peak Temp
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The effects of machine parameters on peak melt pool temperature



9.2.1.3 - Melt Pool Width

Using the REGIONPROPS function, the minor axis of each melt pool was measured. These distances

were taken as the pool’s width, and are shown in Figure 9.8.
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The effects of machine parameters on melt pool width
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As can be seen from row (1), the widths of the melt pools consistently decrease as scan length
increases. This finding matches the expectation that an increased scan length leads to increased

thermal conduction, which leads to a lower melt pool width.

As can be seen from row (2), melt pool width generally tends to increase with increased hatch
spacing. These increases are not very significant in comparison to the errors. According to the
primary theory of hatch spacing, as hatch spacing increases thermal conduction will decrease, and

therefore pool widths will be greater.

As can be seen from row (3), melt pool width consistently increased as layer height increased. This
trend matches the expectations that larger layer heights lead to lower thermal conduction, which

leads to increased melt pool widths.

9.2.1.4 - Melt Pool Tail Cooling Rate

Figure 9.9 presents the same data as that in the Tail Thermal Gradient chart, but with all thermal
gradients multiplied by the laser speed, to find the cooling rate.

Though these charts do not provide additional insight, beyond that which was already provided by
the thermal gradient charts, they still serve as a useful sense check. The cooling rates all lie between
3 and 7 x 10° °C/s. This range of cooling rates agrees with those found in literature, demonstrating

that the method used to extract thermal gradients from the melt pools was sound.

9.2.1.5 - Spatter

An attempt was made to quantify the amount of spatter being ejected from the melt pool, in each
cube build. Each image was analysed, after 1380°C thresholding, but before IQR filtering, to search
for regions of hot material outside the melt pool. Whenever a region measuring at least 10,000px in
area was found, that image was declared to ‘contain spatter’. The percentage of images with spatter

was found for each cube, and is shown in Figure 9.10.

As can be seen, no clear trends exist. The percentages vary wildly, from as low as 0.6%, to as high as
08.4%. It would be expected that some correlation exists between quantity of spatter and LoF
porosity. As will be demonstrated in the next subsection, however, no such correlation can be found.
It was therefore reasoned that either an error existed in the methodology of determining spatter from
thermal camera images, or that the thermal camera was simply unable to capture spatter in a
meaningful way. It was reckoned that, should the latter be the case, the camera’s extremely shallow
depth of field (which would greatly reduce the temperature reading for any airborne projectile)

would be to blame.

The images were analysed again, this time using 1,000 pixels and 100,000 pixels as the area
thresholds for spatter. Using these new thresholds significantly increased and decreased the spatter

percentages, respectively, without providing any kind of clarity on trends that may exist.
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Ultimately, it was concluded that the thermal camera is effective at capturing low-flying spatter
particles, but not higher-flying particles, and that analysing low-flying particles alone is of little
benefit in determining anything useful about the state of the build.
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The effects of machine parameters on melt pool tail cooling rate
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Effect of Machine Parameters on Spatter
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The effects of machine parameters on spatter
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9.2.2 - Optical Microscope Data

In each optical image, the REGIONPROPS function was used to calculate the circularity of each pore.
An area-weighted mean pore circularity, and an area-weighted standard deviation, were calculated,
as shown in Figure 9.11. The equations used to find these numbers will be described in the EBSD

subsection.

As can be seen from Figure 9.11, the area-weighted mean pore circularity is close to 1 (an almost-
perfect circle) for cubes with high energy density and low porosity, and decreases to closer to 0.5
(highly elongated) for cubes with low energy density and high porosity. These results further

demonstrate that LoF (which always exhibits irregular shapes) is the primary source of porosity.

9.2.3 - SEM Data

As described previously, it was theorised that measuring the standard deviation of the aspect ratio
of the cells inside an SEM image, could serve as a metric of the anisotropy of the cells. It was expected
that in cubes with lower thermal gradients, and therefore slower solidification (i.e. smaller scan
lengths, hatch spacings, and layer heights), there would be lower anisotropy in the cells. It was
expected that in cubes with greater thermal gradients, there would be greater anisotropy. The

standard deviation of the cell aspect ratios are plotted Figure 9.12.

As can be seen, no clear trends of any kind appear to exist, strongly suggesting that either the
standard deviation of cell aspect ratio is not a good proxy for cell anisotropy, or that cell anisotropy

cannot be easily predicted by machine parameters, or both.

The standard deviations of the cell aspect ratios were plotted against thermal gradient, as shown in

Figure 9.13.

Again, no clear trends exist, adding weight to the suggestion that no simple correlation exists
between the temperature gradient inside/around a melt pool, and the anisotropy of the sub-grain

microstructure that exists after solidification.
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Effect of Machine Parameters on Pore Circularity
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The effects of machine parameters on pore circularity
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Effect of Machine Parameters on Std. Dev. of Cell Aspect Ratio
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The effects of machine parameters on the standard deviation of cell aspect ratio
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Effect of Thermal Gradient on Std. Dev. of Cell Aspect Ratio
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The effects of thermal gradient on the standard deviation of cell aspect ratio
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9.2.4 - EBSD Data
9.24.1 - Grain Aspect Ratio

The area-weighted mean aspect ratios of the ellipse that Aztec fitted to each grain, are shown in

Figure 9.14.

As can be seen, no clear trends exist. It was expected that as scan length, hatch spacing, and layer
height increased, grain aspect ratio would increase too, as the region of solidification shifted upwards
on the GR diagram, from equiaxed towards columnar or cellular. The fact that this trend, or any
other trend, is not observed, suggests that attempting to predict microstructural morphology based

on machine settings is not reliable.

The area-weighted means of the grain aspect ratios were plotted against the thermal gradients, as

shown in Figure 9.15.

As can be seen, no clear trends exist. This finding provides further evidence that simply analysing
thermal gradient (or at least thermal gradient as observable from thermal signatures) is not an

accurate method of predicting grain morphology.

9.2.4.2 - Grain Average Misorientation (GAM)

The intra-grain misorientation was calculated using the GAM method, whereby the misorientation
between each pixel and its adjacent neighbours was calculated, to give a mean misorientation for
each grain. The area-weighted mean of these means was calculated for all grains in each sample, as

shown in Figure 9.16.

As can be seen, no clear trends exist, when GAM is plotted against any machine parameter. It was
expected that, as scan length, hatch spacing, and layer height increased, and therefore thermal
gradient increased, the resulting more rapid solidification would cause grains to form with more
internal defects, due to insufficient atomic diffusion time, which would in turn lead to greater GAM.
The fact that no trends are seen to exist, suggests that attempting to predict the sufficiency of atomic

diffusion, based on machine parameters, may not be a useful endeavour.
Area-weighted mean GAM was plotted against thermal gradient, as shown in Figure 9.17.

As can be seen, no clear trends exist. These findings further demonstrate the inability of thermal

gradient measurements from the thermal camera to predict solidification mechanisms.

9.2.4.3 - Grain Orientation

The angle of orientation, of the longest axis of the ellipse fitted to each grain, was found. Since each
sample had been oriented inside the EBSD device with the build direction in the Y direction, most

grains had a fitted-ellipse angle close to 90°. Therefore, the fact that angles close to 0° or 180° over-
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contribute to the standard deviation of the angle measurements, did not impact the statistics

significantly. The area-weighted mean of these orientation angles is shown in Figure 9.18.

Effect of Machine Parameters on Grain Aspect Ratio
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Effect of Thermal Gradient on Grain Aspect Ratio
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The effects of thermal gradient on grain aspect ratio
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Effect of Machine Parameters on Mean GAM
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Effect of Machine Parameters on Grain Orientation
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The effects of machine parameters on grain orientation

As can be seen, all grains in every sample were aligned strongly to the build direction, with little

significant deviation. This result proves that the samples were highly anisotropic, with the major

direction of heat flow in each melt pool being downward, and the major direction of solidification

being upwards. It appears that no alternation of machine parameters, within the ranges tested in

this experiment, could change these fundamentals.
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The area-weighted mean grain orientations were plotted against thermal gradient, as shown in

Figure 9.19.
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The effects of thermal gradient on grain orientation

As can be seen from the charts, there does not appear to be any correlation between thermal gradient,
and deviation away from the preferred direction of 90°. This result appears to further demonstrate

the insufficiency of varying thermal conditions, in the attempt to prevent high anisotropy in L-PBF.
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9.3 - In-Situ Monitoring and the Mesostructure

The following charts and discussion were originally included is Section 6.2 - In-Situ Monitoring and

Deliberate Porosity, but have been moved due to their lacking in significant insight.

9.3.1 - Melt Pool Mean Temperature Above the LoF Channels
The effect of LoF channels on melt pool mean temperature are shown in Figure 9.20.

There is an extremely strong similarity between the results for mean temperature, and the
previously-discussed results for peak temperature. The same contrary-to-expected findings, and the

same possible reasons for these findings, are again relevant here.

9.3.2 - Melt Pool Mean Temperature Above the Keyhole Line
The effect of parameters on melt pool mean temperature are shown in Figure 9.21.

As can be seen in row (1), the response of melt pool mean temperature to the triangle section width,
is highly inconsistent. At some power and line width combinations, mean temperature increases as

triangle width increases. At other combinations, it decreases.

Interestingly, the results from row (2) do not show the expected and trivial trends that appeared in
the previous sets of charts. It would be expected that as laser power decreased, mean temperature
would decrease too. The fact that this trend does not consistently exist across various line-width and
triangle-width combinations, suggests that the large periphery of a melt pool, which exists at close
to the liquidus temperature, dilutes its overall mean temperature to the extent that the metric may

not be very meaningful.

As can be seen in row (3), no coherent trends exist between the width of the line, and the mean
temperature of the melt pool. This result again suggests that the mean temperature may not be a

useful characteristic in melt pool analysis.
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Effect of LoF Channel on Melt Pool Mean Temps
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The effect of LoF channels on melt pool mean temperature
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