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Abstract

Additive manufacturing technology is being dramatically developed and brings new
potential applications into industry. For high-quality products that are used in
demanding industries it’s essential to verify that all the requirements are fulfilled,
and this is possible using quality control (QC) methods. Computer Tomography (CT)
is a promising technique for AM’s QC, and in this way, in this research its capacities
and measure accuracy were evaluated. Besides, to exploit the whole potential of
AM, it’s essential to investigate the complex relationships between AM process, the
resulting microstructure and mechanical properties. In this way, the laser powder
bed fusion process (LPBF) is investigated in order to understand how its parameters,
namely, laser power (LP), distance hatch (DH), point distance (PD) and exposure
time (ET), influence the microstructure and mechanical properties in Inconel 718
parts, built in the horizontal and vertical direction. For this, several tests were used
to evaluated the specimens produced namely, Computer Tomography (CT), Optical
Microscopy (OM), Scanning Electron Microscope (SEM)/Electron Backscatter
Diffraction (EBSD) and tensile tests. Regarding the results, CT technique has shown
to be a good benefit in the AM field because through the comparison with other
common methods its results were mostly in accordance, having the advantage of
being a non-destructive method. The tensile tests results showed that the horizontal
direction presents higher ultimate tensile strength (UTS) and lower elongation
percentages and the vertical direction has the inverse properties. The relationship
between building orientation and mechanical properties is mainly attributed to the
different amount of residual stress due to thermal gradients and internal defects.
Moreover, the amount of internal defects, such us, porosity, affects mainly the
ductility percentage and not the UTS value. In this way, the higher the porosity value
the lower the ductility. The microstructure showed a very fine cellular-dendritic
structure, the different melt pool boundaries and, lastly, the grain growth direction

in each building orientation.
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Resumo

A tecnologia de fabricacao aditiva (FA) tem apresentado um desenvolvimento
significativo, trazendo novas aplicacoes para a indUstria. De modo a que os produtos
possam ser usados em industrias exigentes, é essencial verificar se todos os requisitos
sdo satisfeitos, e isso & possivel recorrendo a métodos de controlo da qualidade (CQ).
A tomografia computadorizada (TC) € uma técnica promissora para o CQ em FA e,
desta forma, nesta pesquisa, as suas capacidades e incerteza da medicao foram
avaliadas. Além disso, para explorar todo o potencial da FA, é essencial investigar as
relacbes complexas entre o processo FA, a microestrutura resultante e as
propriedades mecanicas. Desta forma, o processo de Laser Powder Bed Fusion (LPBF)
€ investigado para entender como seus parametros, nomeadamente, poténcia do
laser, distancia entre camadas, distancia entre pontos e tempo de exposicao,
influenciam a microestrutura e propriedades mecanicas em pecas Inconel 718,
construidas na direcao horizontal e vertical. Posto isto, varios testes foram utilizados
para avaliar as amostras produzidas: Tomografia Computadorizada (TC), Microscopia
Optica (MO), Microscopia Eletrénica de Varrimento (MEV) / técnica de difracdo de
eletroes retro-difundidos (EBSD) e ensaios de tracao. Relativamente aos resultados,
a técnica de TC mostrou-se um bom beneficio na area de FA, pois através da
comparacao com outros métodos, os seus resultados estavam em grande parte de
acordo, tendo a vantagem de ser um método nao destrutivo. Os resultados dos
ensaios de tracao mostraram que a direcao horizontal apresenta valores de
resisténica mecanica superiores e alongamento inferior e a direcao vertical
apresenta as propriedades inversas. A relacao entre a orientacao de contrucao e as
propriedades mecanicas € atribuida principalmente a diferencas de tensao residual
resultante de gradientes térmicos e defeitos internos. Além disso, a quantidade de
defeitos internos (p.e. porosidade), afeta principalmente a percentagem de
ductilidade e nao o valor de resisténcia mecanica. Desta forma, quanto maior o valor
de porosidade menor a ductilidade da peca. A microestrutura apresentou uma
estrutura dendritica celular muito fina, os limites da zona de fusao e, por fim, a

direcao de crescimento dos graos em cada orientacao do construcao.
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1. Introduction

Additive Manufacturing (AM) is a manufacturing process, which allows to build three-
dimensional objects by adding materials element by element or layer by layer. This
offers unique and novel approaches to product development and manufacturing. AM
also enables the manufacturing of parts with complex geometries that are impossible
to manufacture by conventional manufacturing processes [1, 2].

AM technology in industries has reached up to 50 per cent as prototype or end-
product. However, for AM products to be directly used as final products, they should
be produced through advanced Quality Control (QC) methods, which are able to
prove and reach their desire repeatability, reproducibility, reliability and
preciseness. Therefore, this research will focus in one of the most promising methods
to control quality in AM, namely, X-ray Computed Tomography (CT). The
measurements of porosity obtained by this technique will be compared to other two
methods, particularly, OM (Optical Microscopic) and the Archimedes method. This is
a calibration attempt and a way of evaluating the measurement uncertainty. Besides,
this technique will also be indispensable to understand how the porosity varies
according to the process parameters and mechanical properties [3].

Besides, in order to take advantage of AM technologies, engineers and scientists must
have a good understanding of the process and the motivation for this research has
also risen from the need to deepen knowledge concerning the Laser Powder Bed
Fusion (LPBF) process, focusing on, proper adjustment of parameters. This is relevant
because they directly influence material microstructures and its defects, affecting
the final mechanical properties required for the intended applications [4]. Moreover,
it’s also possible to point out, based on currently researches that, the inner-defects
and building orientations evidently influence the mechanical properties of AM
metals, especially tensile and fatigue strength. With this it’s pertinent to continue
studying this variation and extend knowledge in this field [5].

In this way, this research project also aims to understand how process parameters,
affect the mechanical properties and microstructure on Inconel 718 parts. The
microstructure and porosity were studied using two main techniques, namely, CT
and OM, identifying and quantifying the porosity percentage on the samples. When
it comes to the mechanical properties, tensile tests were executed. To complement
the information provided by the tensile tests and in order to understand the
differences between the building orientation OM and SEM / EBSD analysis were made.
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2. State of art

Throughout this research three main concepts will be addressed: LPBF (AM process)
in Inconel 718 parts, their microstructure and mechanical properties, figure 1.

Processo
fabricacdo
aditiva

CORRELATION

In the state of the art, firstly will be made an approach to the process and material
under study. After that, it’s time to think about the next step in the production
cycle, quality control. That is, to check the quality of the part, proving the reliability
of the product and to verify that all the requirements are fulfilled. In this way, in
the last section is addressed the importance of quality control and is present a
prominent technique to control the quality of parts produced by AM, CT.

2.1. Additive Manufacturing (AM)

In the recent years, metal AM processes have been gaining an increasing industrial
attention for the production of functional components, ranging from one-of-a-kind
to mass productions. AM is defined as the “process of joining materials to make parts
from 3D model data, usually layer upon layer, as opposed to subtractive
manufacturing and formative manufacturing methodologies” in the International
Organization for Standardization (ISO)/American Society for Testing and Materials
(ASTM) 52900:2015 standard [6] . Based on the mentioned standard, AM processes
can be classified into seven categories: (1) Binder Jetting (BD); (2) Directed Energy
Deposition (DED); (3) Material Extrusion; (4) Material Jetting; (5) Powder Bed Fusion
(PBF); (6) Sheet Lamination; and (7) Vat Photopolymerization [4, 7].
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AM’s unique features allows production of complex or customized parts directly from
the design without the need for expensive tooling or forms such as punches, dies or
casting moulds and reduces the need for many conventional processing steps.
Complex parts, true to their design can be made in one-step without the limitations
of conventional processing methods (e.g. straight cuts, round holes) or commercial
shapes (e.g., sheet, tubing). For these reasons, AM is how widely accepted as a new
paradigm for the design and production of high performance components for

aerospace, medical, energy and automotive applications [4, 7].

However, despite AM techniques have progressed greatly in recent years, the
widespread adoption of AM is challenged by part quality issues, such as relatively
poor part accuracy caused by the stair-stepping effect and residual stresses,
undefined material properties, insufficient repeatability and consistency in the
produced parts, and lack of qualification and certification. Part quality issues may
also be attributed to the AM process parameter settings, so it’s important to establish
correlations between the AM process parameters and part characteristics, to ensure
desirable part quality. All these aspects have to be taken into account, because the
products available on the market must be reliable and meet all the pre-established

requirements [7, 8].

All the efforts to standardize AM processes are important in order to AM being truly
considered part of 4.0 industry, this means the products should be fabricated
promptly, efficiently and inexpensively while meeting all stringent functional
requirements. To achieve this, research is needed do deepen the knowledge related

to the process and materials field [4, 9].

2.2 Laser Powder Bed Fusion (LPBF)

Most current metal additive manufacturing systems consist on the Powder Bed Fusion
(PBF) type and according to ISO/ASTM52900-15, this process can be defined as an
“additive manufacturing process in which thermal energy selectively fuses regions of
a powder bed”. Current metal PBF AM systems tend to use melting as opposed to
sintering to build full-density parts. The PBF encompasses the EBM (Electron Beam

Melting) and LPBF and where the main differences between them is the power source
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and atmosphere used. In EBM the power source is a high-energy electron beam powered
by high voltage, typically 30 to 60 kV, under vacuum atmosphere (<10 Pa). On other
hand, in LPBF the power source is a laser and for atmosphere uses inert gas like argon
or nitrogen to avoid metal oxidation during processing. The LPBF is also known as
selective laser sintering (SLS), selective laser melting (SLM), direct metal laser
sintering (DMLS) and direct metal laser melting (DMLM) [10-13].

LPBF is one of the most promising AM technologies and meets the manufacturing
demands of time and cost reduction. The applications more common are: biomedical
applications, tooling industry, and the aerospace sector. Many of the products
currently manufactured by this technology are made in commercial machines that
use a limited range of materials. Therefore, the development of more flexible
machines can help to increase the range of applications of these technologies [14,
15].

Talking about its working mechanism, initially the energy from the laser is absorbed
through radiation by the powder and the heat transfer produces a phase
transformation. The powder changes from a solid to a liquid, forming a melt pool.
Once the laser moves, this melt pool solidifies to produce a consolidated layer. When
the scan finishes the geometry for the layer, the build bed is lowered and a fresh
layer of powder is deposited. The process will then be repeated until the end of the
build program and the part is finished. The last step, in the LPBF machine, consists

in removing the loose powder in order to reveal the final part [7, 10, 16].

Metal LPBF systems have designs similar to that illustrated in Figure 2. They are
composed of powder delivery and energy delivery systems. The powder delivery
system comprises a piston to supply powder, a coater to create the powder layer,
and a piston that holds the fabricated part. The energy delivery system is made up
of a laser and a scanner system with optics that enable the delivery of a focused spot
to all points of the build platform. A flow of gas (usually nitrogen or argon) passes
over the powder bed with the intention to protect the part from oxygen and to clear

any “spatter” and metal fumes that are created during the laser path [7, 8, 10].
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Fig. 1 - Schematics of a generic AM powder bed system [10].

As any other process, different defects can be originate in the final part, although,
in some cases, post-processing techniques are suitable to mitigate or remove defects
from LPBF-produced parts - e.g. HIP (Hot Isostatic Pressing) [7,14,27]. Understanding
the origin of the defects and their main causes is the first step to design process
monitoring and control tools. That’s why, in the next section, a deeper discussion
LPBF parameters, namely, laser power, distance hatch, point distance and exposure

time will be detailed and explained how they affect the part’s quality [8].

2.2.1 Process parameters and its influence

Every additive manufacturing process has its own process parameters that in
combination with material characteristics and properties influence quality of
manufacturing parts. It’s currently assumed that the levels set for parameters and
variations experienced during a process will contribute to dimensional inaccuracies,
feature errors, porosity, layer delamination, curling and poor material properties [8,
11, 17].

Over hundred and thirty factors that affect the LPBF final parts have been defined
and twenty of them are considered as important factors. However, there are ten
parameters that are repeated in all literature and that can be considered
controllable (i.e. laser power (LP), scanning speed (SS), layer thickness (LT),
scanning space (SS)) [14, 18]. The important factors/parameters can be lumped into
four categories: laser, scan, powder and temperature, which are summarize in table

1 with the correlated parameters.
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Table 1 - LPBF catagorized parameters [14].

Category Parameters

Laser - related parameters laser power, hatch point, exposure time, pulse
frequency, etc.

Scan - related parameters scan speed, hatch spacing, and scan pattern

Powder - related parameters particle shape, size, and distribution, powder bed
density, layer thick- ness, material properties, etc.

Temperature - related parameters powder bed temperature, powder feeder
temperature, temperature uniformity, etc.

Most of these parameters are strongly interdependent and are mutually interacting.
For instance, the required laser power typically increases with melting point of the
material and lower powder bed temperature, and also change depending upon the
absorptivity characteristics of the powder bed, which is influenced by material type

and powder shape, size, and packing density [8, 17, 19].

This research will focus on the common process parameters that need to be adjusted
in order to optimize the process, namely, Hatching Distance (HD), LP, Point Distance

(PD), and Exposure Time (ET) Figure 3 provides an illustration of some of these
process parameters [16].

4
Hatch sp ;
-/' -
7 L =
| | Layer
I I

Fig. 2 - LPBF process parameters: a) laser power, scanning speed,
hatch spacing, layer thickness [16].
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In order to clarify the concepts under research [20, 21]:

HD is defined as the distance between neighbor scanning vectors. It’s chosen
so that two adjacent lines of molten metal overlap, this overlapping is
necessary to avoid the appearance of porosity;

e LP is the energy transferred to the powder in order to melt the powder
particles;
e PD is the distance between the deposited spots (mm);

e ET is the time the laser is heating on one spot (s).

Together with the absorptance of powders to the laser irradiation, these parameters
affect the volumetric energy density that is available to heat up and melt the
powders. The laser consistency in the moment that laser meets the powder surface
is also important, being one variable that is required to produce parts that are fully
dense. The Energy Density (ED) is a factor that can be used to ascertain the final

density of a part being produced and it relies on several factors [8, 22]:

Energy Density (ED) = LP (1)

VxHDistancext layer

Where LP = Laser power, V = scan velocity and Hadistance = hatching Distance and t iayer
= layer thickness [8, 22].

Several studies demonstrated a correlation between the energy density and the part
density and allowed the identification of a window process, where a good part
density and quality is achieved. The study developed by Haijun Gong [22] outlined
different regions in the parameter space spanned by laser power and scan speed in
LPBF of Ti6Al4V (figure 4): zone | corresponds to fully dense parts, zone |l to over-
melting conditions, zone Ill to incomplete melting and zone OH to overheating
parameters. As a result of the research concerning this subject, it was found that
specimens can be built with different porosity distribution in distinct melting zones
when different process parameters are used, such as laser power and scan speed.
Throughout observation of figure 4 it’s possible to confirm that using 120 and 80 W,
the porosity distribution varies according to the laser power and, with the same laser

power, in every melting zone [22].
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Herewith, it’s reasonable to say that choosing unsuitable parameters can lead to the
appearance of defects, such as, porosity. There is the need to minimize or eliminate
them due to their adverse effects on mechanical properties, such as decreasing
fatigue performances and influencing crack growth characteristics of the part. In this
way, in the next section will be presented the main defects and discussed the

relationship between the process parameters and each type of defect.

2.2.2 Defects

The defects to be addressed are, in particular, porosity, cracks and surface

roughness. Thus, to facilitate these defects interpretation together with the cause

of its occurrence and means for its prevention, the table 2 was constructed [23, 24].

Table 2 - Relationship between each defect (porosity, cracks and surface roughness) with cause,
formation mechanism and prevention [23, 24].

Porosity Cracks and Delamination Surface Roughness
(balling effect)

High laser power

. " . high temperature . Low laser power
*  High deposition rate gradient combined = High scanning
with residual stress speed
. Large layer
thickness

. Keyhole mode melting o Thermal gradient

Formation e  Entrapped gas mechanism = Surface tension
. . Inadequate penetration . Cool-down phase of
Mechanism of the molten pool of an

molten top layers
upper layer

= pre-heating the

Prevention : tgx;r, Eg):rs lséwerrate substrate and improve . 0ptimjzed
the ambient scanning
temperature Strategy
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Taking a close look to porosity formation mechanism, it’s feasible to say that it can
occur in three different ways. First, without careful control of keyhole mode melting,
keyholes can become unstable and repeatedly form and collapse, leaving voids inside
the deposit that consist of entrapped vapor (figure 5 a)). The other mechanism is
related to entrapped gas inside the powder particles during the powder atomization
process. In addition, gas pores may also be formed due to the entrapment of the
shielding gas or alloy vapors inside the molten pool. Third, lack of fusion defects can
be caused by inadequate penetration of the molten pool of an upper layer into either
the substrate or the previously deposited layer [4, 24, 25]. Those voids can be found
(i) within the layer part, (ii) between adjacent layers, and/or (iii) on the external
surface of the part. More common pores are found within the layer, and they may
have different size, shapes and spatial distributions. A distinction commonly done in
the literature is between spherical pores and non-spherical pores. The voids observed
between the layers are referred to as ‘acicular pores’ and they are characterized by
an elongated shape. Figure 5 b) shows an example of two internal pores of spherical

shape, and figure 5 c) one acicular pore and elongated shape [24-26]

a)

Keyhole geometry

Fig. 3 - Melt pool profile (a). Example of two internal spherical pores (b) and one acicular pore
(c) [24].

Another main defect in LPBF process are cracks and delamination and it occurs as a
consequence of a stress relief through fracturing when the tensile stress exceeds the
ultimate tensile strength of the solid material at a given point and temperature
( figure 6-a)). Delamination is a particular case of cracking, where cracks originate
and propagate between adjacent layers (inter-layer cracking). This kind of
phenomena happens when the residual stresses exceed the binding ability between
the top layer and the previous one [4, 25, 27].

The last defect to be addressed is surface roughness, being one of the outputs the
melt ball formation, a.k.a. balling, and occurs when the molten material solidifies

into spheres instead of solid layers, which is a severe impediment to interlayer
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connection. Surface tension drives the balling phenomenon by preventing the molten
material to wet the underlying layer. The result is a rough and bead-shaped surface
that produces an irregular layer deposition, with detrimental effects on the density
and quality of final part. The balling phenomena can bring several disadvantages:
first, it can increase the surface roughness; second, a large humber of pores can be
formed between the discontinuous metallic balls and lastly, in case of very severe
balling, the salient spheres from the powder layer may interfere with the movement
of the powder deposition system. Figure 6 b) shows an example of SEM images
showing the balling effect on single scan tracks corresponding to different scan
speeds [24, 28].

Fig. 4 - SEM images of: a) example of severe delamination and cracking. b) examples of balling
effects is LPBF on single scan tracks corresponding to different scan speeds [24,28].

2.2.3 Materials

Most of the LPBF research revolves around three types of metals: steel, titanium,
and nickel. These metals were selected due to their widespread application and their
material cost [16, 29]. This study will focus on the analysis Inconel 718 specimens,
so it’s important to take a close look at their properties and applications. After steel
and titanium materials, nickel-based alloy is the most studied group of metals for
the LPBF process. LPBF of nickel-based superalloys, such as Inconel 718, has been
studied for high temperature applications in aircraft engines as swirlers in
combustion chambers, repair patches, gas turbine blades, and turbocharger rotors.
Inconel 718’s excellent corrosion resistance and strength at high temperatures,
fatigue resistance, wear resistance, and good weldability have allowed it to be
applied in several fields areas. In a review of manufacturing technologies for complex
turbine blades by Lu et al. [30] it was highlighted that Fraunhofer ILT had used LPBF
to produce turbine blades. These turbine blades had dense microstructure, high

definition, and high surface quality [16, 30, 31].
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Inconel 718 consists of the matrix phase y and a variety of secondary phases. Since
it is a precipitate-strengthened superalloy, the presence and distribution of
secondary phases in the matrix y are the key to determining Inconel 718’s
microstructure and properties. Besides, various amounts and combinations of
alloying elements are also added to the y matrix to achieve the desired
microstructural features and mechanical properties (i.e Cr, Co, Al). The
microstructure of additively manufactured Inconel 718 is largely dependent on the
specific process history. With different process parameters, such as scanning strategy
and component geometry, quite different as-manufactured Inconel 718
microstructures can be obtained even under same manufacturing method. Figure 7

presents an example of a microstructure obtained by LPBF [32].

Fig. 5 - Example of the Inconel 718 microstructure manufactured by LPBF [32].

Concerning mechanical properties, in a study published by Tanja T. et al [33]
Inconel 718 parts produced by LPBF in three different building directions (vertical,
45°and horizontal) are compared to forging and casting regarding differences in
microstructure and mechanical properties. Table 3 shows the resume of these results

at room temperature.
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Table 3 - Reported Inconel 718 properties in LPBF, forging and casting processing [33].

Horizontal Vertical 45° SLM (average) Forged

UTS (MPa)? 1440 1440 1550 1430 1380 950

Rpo.2 1186 1180 1190 1185 1192 940

E (%)° 18,5 20,4 16,9 18,6 19,1 23,1

A - Ultimate tensile strength. B - 0.2% yield strength. C - Elongation.

2.3 Quality Control

While many companies have explored the potential of AM for new business
opportunities through novel designs that were previously impossible, several hurdles
prevent its wider adoption, many argue that quality assurance (QA) remains the
biggest issue in AM. Several manufactures and users do not have absolute confidence
and certainty that AM parts would exhibit consistent quality and reliability within
and across different printers and geometries [34]. Without this guarantee,
manufacturers will remain leery of AM technology, judging the risks of uncertain
quality to be too costly a trade-off for any gains they might realize. QA presents a
multifaceted challenge, encompassing both the scale and scope of production.
Indeed, quality doesn’t just exist on one dimension, and each area should be
addressed for parts qualification and AM’s potential to be more fully realized [34,

35]. Figure 8 summarizes the major facets of AM technology.

|

Ensure repeatable 2
quality with the
same printer,
materials and
operations

Garantee quality
In any location

Garantee quality
without direct
Input from the
part’'s designer

Fig. 6 - Facets of AM technology [34]
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The qualification of AM parts demands a different approach from traditional
methods, thus, one taking AM processes into account, may offer greater benefits.
Therefore, unlocking the full potential of AM may necessitate a reversal of the
qualification process to which engineers are accustomed: the development of means
to certify AM parts based on design, as well as observations and corrections made
during the build process, rather than verifying performance after manufacturing [13,
34].

To address the differences between AM and conventional processes, the science and
engineering community is gravitating toward an AM solution centered on three
pillars: QA derived from build planning and build monitoring/inspection, linked

together with feedback control, as described in table 4 [34].

Table 4 - Key elements of quality assurance in AM [34].

AM Pillar Description

Build Planning The use of advanced modeling and simulation to
develop a plan machine to produce a specific part.

Build Monitoring Monitoring with sensors the build process as the part
is being constructed.

Feedback Control Using data from the building monitoring sensors to
iteratively update the build planning in real time.

All the strategies available so far, in order to control the process and ultimately

achieve a high quality AM product, are presented in Figure 9 [23].

What is possible to say according to the figure is that there are three main methods,
being desirable the combination of all of them, i.e., the traditional optimization
test, the numerical simulation calculation and the online detection, for a systematic
study on the defect formation and control in the LPBF processes. An online detection
is conducted for obtaining information on defect morphology, location and
dimensions through detection sensors, data processing, image analysis and feedback
control. On the other hand, the strategy should also investigate defect formation
and evolution mechanisms, including material melt-flow behavior, solidification and
shrinkage, the interaction effect of surface tension, capillary force and gravity, by

using the numerical simulation method. Finally, combining the information on defect
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detection and defect formation mechanisms allows to go further and accomplish the
process optimization to achieve the aim of defect suppression and control in an LPBF

process [23].

[ Online detection ] [ Process parameters ] [Numerical simu]ation]
[ [ l 1 [ l 1

[ Sensor ] [ Laser power ] \ Melt - flow ]

[ D - [ Scan speed ] L Solidification

ata processing | J shrinkage

[_ ] [ Hatch spacing ’ Surface tensi ]
Image analysis : Surface tension

) 0 [ Layer thickness | | Capillary force ]

| Feedback control [ Scan strategy ] ‘ o 1

¢ U

Defect morphology SLM process | <= Defect formation
and distribution : optimization | mechanism

[ Subtractive ] => [ Defect suppression ]

manufacturing and control

Fig. 7 - Schematic illustration of defect detection and control in an LPBF process [23].

Regarding standards, these are emerging to control several factors that influence AM
technology, being available, for instance, standards for destructive and non-
destructive evaluation of finished AM parts. Despite these developments, there are
no broadly recognized, published standards for the production of AM parts. The area
is, however, evolving rapidly. The ASTM and ISO together designated a committee
to define standards for test methods, design, materials, processes, environment,
health and safety, terminology, and potentially file formats. Ideally, these standards
will be applicable in the near future across multiple machines and processes, to help

maintain consistency in a variety of situations [34, 36].

In order to check if the parts are in accordance with AM standards and client
requirements, it’s necessary to resort to methods of quality control. That being said,

next section, will focus on the techniques available currently.

2.3.1 Quality control methods
In the optimization of processing parameters for AM parts, the measurement of the
part densities is essential and of high interest. However, as already been said, there

is no common standard. As the interests in several industries are rising, it is essential
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to be able to assess the quality of a layer-wise produced part in order to compare
the different machines, materials and processes available. The quality of a part
contains parameters out of at least three main topics: mechanical parameters
(density, mechanical strength, elongation to rupture, fatigue strength), surface

quality and dimensional accuracy [37].

Focusing on the density, there are several possibilities for measuring it, being present
on table 5. Through OM it’s possible to do an analysis of a micrograph of a cross-
section of the part, however it is a destructive method and only provides expedited
2D information about the defect. Concerning the SEM analysis, it provides really
high resolution images, but it’s also a destructive method, much more expensive

than OM and requires qualified operators.

Besides, it’s important to point out that all these methods are based on specific
measurement parameters that affect the result in some degree. An example is the
micrograph of a cross-section, where the density is dependent on the magnification

and the selection of the cross-section for the micrographs [4, 37, 38].

Table 5 - Destructive and non-destructive methods for porosity measurement [37].

Archimedes Optical
Method Microscopy
Seaeet
Example o
v—
e
Method Destructive Destructive Destructive Non-destructive Destructive
Foat »  the simplest +  widely used +  measure shape, +  measure shape, + measure shape, size,
eatures method method size, distribution size, distribution distribution of very
« 2D pore image of very small pores of very small small pores.
High resolution pores. +  measure in-situ

formation of porosity

However, of all these quality control methods, CT offers the advantage of being able
to inspect the material structure of the manufactured product in a manner that it
doesn’t compromise the product’s physical integrity. Besides this, it provides the user
the possibility to perform dimensional analysis on internal features that are

inaccessible by conventional coordinate measuring systems (CMSs) [39].
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The X-ray tomography is a class of radiology technic, for which common attribute is
the movement of the X-ray. In CT, X-ray radiographs from hundreds of different
angles are taken of a sample and contrast comes from differences between the X-
ray attenuation characteristics for each kind of material. Mathematical algorithms
use this information to reconstruct the interior of the sample and the output is in
the form of hundreds or thousands of cross-sectional images, which can be stacked

together to form a 3-D image of the sample or part (figure 10) [39, 40].

aquisition Reconstructlon

e

Series of 20 projectiors  Reconstruction Volumetrc
(X-roy imoges) - 20 sections 3D mode!

X-ray source

Rotation/translation stage

Fig. 8 - Schematic presentation of obtaining data by technical CT [39].

In this way, a map representing 3D geometry, obtained by CT reconstruction, makes
it possible to detect hidden material defects inside the reconstructed objects,
offering the advantage of doing a quantitative analysis of defects to evaluate total
porosity with determination of shape porosity and their spatial distribution.
However, CT capacities can go further, as shown in figure 11 three quality checks
done with the same CT data: (i) control of form and geometrical deviations
(nominal/CAD comparison), (ii) thickness verification and (iii) control of material

density/porosity [41-43].

¢) Wall thickness plot d) Porosity

Fig. 9 - CT different quality checks done with the same CT data [41].
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On the other hand, there is an uncertainty associated with the CT measurements
system as results of several influencing factors, including the influence of the
operator because there are several parameters that have to be chosen by the
operator. It is possible to point out other limitations, being summarized in figure 12
[44, 45].

X-Ray Rotation table Betector Data

source and workpiece Processing

¥ v v v
Spot Size Rotation table +  Type (flat panel or * Tomograhic data
Voltage + Geometrical errors of line detector) reconstruction
Current the mechanical axes +  Pixel Size * Reconstructed voxel
Target Type + N° of rotation steps * Exposure time data post-processing
Target material Workpiece + Signal to noise ratio (edge detection,...)
X-ray Spectrum +  Material composition Pre-processing of
Filter Dimensions detector signal

Position and Size *  Filter (material,

Roughness, etc. thickness)

Fig. 10 - Classification of factors influencing the CT performance [44].

All the aspects regarding X-ray source, rotation table and workpiece, detector and
data processing can lead to geometrical offsets, misalignments, and instabilities,
resulting in reconstruction errors that compromise the quality of coordinate
measurements made on industrial CT systems. For instance, it can appear defects
associated with artefacts, including beam hardening that is revealed in form of non-
homogeneous grey scale recorded for a homogeneous material, or X-ray scattering

resulting in significant quality reduction of reconstruction (figure 13) [46].

Fig. 11 - Simulated scans without (top row) and with (bottom row) beam hardening,

showing that dark streaks occur along the lines of greatest attenuation, and bright
streaks occur in other directions [46].
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For this reason, it’s important that users are provided with a procedure they can use
to evaluate the measures of their CT system [46, 47]. However, when compared to
CMMs (Coordinate Measuring Machine), which have been on the market for over 50
years, CT as a technique applied for industrial dimensional metrology is relatively
new. Procedures and/or standards for the development of a task-specific
measurement uncertainty not currently exist. To date, there is a lack of international
standards to provide comprehensive procedures and guidelines to deal with the
verification of CT systems for dimensional metrology performance. To overcome the
lack of international standards for CT dimensional metrology verification, some
manufactures have opted to design their own calibration methods. The VDI/VDE 2630
(German guideline for the application of DIN EN ISO 10360 for coordinate measuring
machines with CT sensors) is currently considered the only reference document for
specification and verification of CT systems used for dimensional metrology and as
such is the adopted guideline for several manufacturers, particularly in Europe. It is
not an international standard, but it’s the only guideline for CT published so far, in
this case, by the German body of metrology. Ultimately, manufactures must develop
detailed maintenance and calibration plans for equipment, representing this an

important competitive advantage [46, 47].
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3. Experimental procedures

In this chapter are presented the methods that were adopted for the accomplishment
of this project, being made, a detailed analysis to the equipment and mode of
operation. The following flowchart is presented in order to explain in a succinct and

lucid way the steps taken throughout the project (figure 14).

Dok estrategy | | LPBF

I 5 batches
CcT cT 10 samples each batch
30 density cubes 50 tensile strength / \
samples
5 5
3 samples horizontal vertical
5 direction direction
/ I \ Metallographic Tensile strength tests
Preparation 50 samples

Highest [ lowest Control
porosity sample

Metallographic Preparation

2 samples from each bach

/[ \

Optical microscopy SEM/ EBSD
10 samples:2 from each batch, 2 samples: 1 from each direction
one from each direction

Fig. 12 - Experimental procedure flowchart.

The DoE strategy for the selection of LPBF parameters where made in a previous
work develop by Christoph Wilsnack [48]. The parameters and the strategy were
chosen based on Design of Experiences method, namely, A Box-Wilson Central
Composite Design, commonly called 'a central composite design’. This method
consists in a full factorial and partial factorial designs to which the central point and
the star points are added (figure 15). The star points represent new extreme values
(low and high) for each factor in the design. Annex A presents a more detailed

information on this method.
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Fig. 13 - Central Composite Design representation.

In this way, to determine the maximum density, a statistical design with the four
factors is set up. These factors are independent of each other and thus suitable for
setting up a test plan. This extends a test room with the variation of the factors on
five levels and ensures a good estimation of the target density. The central point is
represented by the existing parameter set in table 6. The star points are arranged
with the magnification factor a = 2 around the central point, in order to ensure the
rotation of the system with four factors (annex A). The statistical validation of the

experiments is carried out by repeating the central point.

Table 6 - Given parameter set from Renishaw [48].

Laser Powe in Hatch gistance IN Point dgistance in Exposure time diayer in pm Scan strategy
N pm pm in ps

150 100 60 100 30 10 mm strips,

67 ° rotation

The equipment adopt for the research was an AM250 machine by Renishaw and their
specifications are presented in table 7 [48]. The powder used has a density of
8,19 g / cm3 and a melting temperature of 1260-1336 °C. The powder composition

is presented in table 8 and its characteristics are displayed in table 9 [48].
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Table 7 - Renishaw AM 250 Specifications [48].

Property ‘ Specification
Laser Ytterbium-Faserlaser (A=1070 nm)
Maximum laser power 200 W
Laser beam diameter 70 um powder surface
Installation space 245 x 245 x 300 mm3
Layer thicknesses 20 - 100 pm
Panel heating 70-170 °C

Table 8 - Composition of the examined powder [48].

Element

% 51,43 | 20,12 | 5,27 | 2,76 | 1,17 | 0,54 | 0,83 | 0,13 | 0,35 | 17,4

Table 9 - Powder properties [48].

Quality Features Measured Parameter
particle shape spherical
Particle surface smooth
satellite particles occasionally recognizable
Inner porosity barely recognizable
Particle size distribution 20 < dparticle < 45 pm
Max. Particle size 45 pm
Min. Particle size 10 pm
Moisture content of 0,034 +0,009 %
powder
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In order to manufacture the cubes for the density study the dimensions and
geometry presented in figure 16 were considered. A total of 31 cubes were
produced, 24 specimens plus 7 equal control specimens in order to ensure the study
reliability. The process parameters set for the Inconel 718 cubes are displayed in
table 10.

0

' . o
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A, ity rd
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™~ 10"1:;,‘;1&:;__...7;,.' 15

N

Fig. 14 - samples geometry and
dimensions.
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Table - 10 - Cubic samples process parameters.

number | Piaserin J s-1 | dhatchin gm |  dpoine in pm texposure iN US

1 125 70 40 70
2 175 70 40 70
3 125 130 40 70
4 175 130 40 70
5 125 70 80 70
6 175 70 80 70
7 125 130 80 70
8 175 130 80 130
9 125 70 40 130
10 175 70 40 130
11 125 130 40 130
12 175 130 40 130
13 125 70 80 130
14 175 70 80 130
15 125 130 80 130
16 175 130 80 100
17 100 100 60 100
18 200 100 60 100
19 150 40 60 100
20 150 160 60 100
21 150 100 20 100
22 150 100 100 100
23 150 100 60 40
24 150 100 60 160
0-1 150 100 60 100
0-2 150 100 60 100
0-3 150 100 60 100
0-4 150 100 60 100
0-5 150 100 60 100
0-6 150 100 60 100
0-7 150 100 60 100
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The round tensile test specimens were produce according to I1SO 6892-4:2015 with a
diameter M10 (figure 17) [49]. Overall under study were 50 tensile strength
specimens, divided in five batches numbered as 0 (control batch), 1, 2, 3, 4. In each
batch the first five samples were produced in the vertical way and the last five
samples on the horizontal direction. Table 11 presents corresponding process

parameters for each batch.

() e
& ="

lentnerbohung lontrecbohrung

Fig. 15 - Geometry and dimensions of the samples [48].

Table 11 - Tensile strength specimens’ process parameters according to each batch.

number I:’laser inJs-1 dhatch in Hm dpoint in um texposure in Hs

3.1 Characterization Techniques

In order to evaluated the cubes and tensile strength specimens different

characterization techniques were used. As displayed in figure 14:

The density cubes were analyzed using the CT in order to obtained the porosity value
and defects morphology according to each set of process parameters. The OM
technique was used to obtain the porosity value in a specific cross section and then

compare with the CT results.
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The tensile strength specimens were also analyzed using the CT in order to obtain
the porosity percentage. After that, tensile tests were executed in order to obtain
data concerning the mechanical properties, namely, UTS (ultimate tensile strength)
and ductility according to the building direction and process parameters. For the
microstructure evaluation, OM and SEM/EBSD techniques were used to identify the

differences between the building directions.

The methodology adopted in this research as well as the description of the
techniques used is presented below.

3.1.1 Computer tomography (CT)

From all the CT abilities, in this research this technique was used predominantly for
porosity analysis, concerning its distribution, sphericity and to determine the ratio
between the parts volume and defect volume. In order to achieve satisfying results
in the CT it’s crucial to take several steps into consideration. Figure 18 shows the
main steps taken during the analysis of the specimens under study, namely thirty one

density cubes and fifty tensile strength specimens.

Determination
«ViStudio MAX 3.0

Fig. 16 - Steps performed on the CT analysis with focus on the machine and software used.

The first phase is possible using the YXLON FF 35 machine and the process begins,
with the right positioning of the part inside the CT’s chamber, in a way that all the
surface is projected on to the detector but with minimum travel path of the X-rays
through the part. Figure 19 a) and b) shows how the density cubes and the tensile
strength specimens were positioned in the specimens holder. In this study, all the

analysis were made using a filter, namely, 1 mm brass filter.
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Fig. 17 - a) Positioning of the cubic samples and (b) tensile strength specimens.

The next step includes selecting the intelliguard option and then defined several
parameters, related to: tube (voltage, current intensity), detector (frame rate),
manipulator (i.e. focus detector distance (FOD), focus detector distance (FDD)), etc.
All the settings for the density cubes and tensile strength samples are presented
table 12.

Table 12 - Cube and tensile samples CT parameters.
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Regarding the YXLON reconspooler software, this corresponds to the last stage of the
scanning phase. This software supports a broad range of cone-beam and fan-beam
CT applications, that include, image pre-processing such us bad-pixel correction,
intensity correction, and median filtering. Herewith, it’s possible to adjust several
parameters using YXLON reconspooler, annex B shows all of parameters with the
related definition. In this work it was selected bad pixel reduction, noise reduction
in Projection Space and Volume Space. These parameters were kept the same for all
of the samples.

The software VGStudio MAX was used to determine the surface and to make porosity
analysis. This software is the world’s most advanced software platform for industrial
CT data analysis and visualization. During the specimens analysis, three functions of
the VGStudio MAX 3.0 were used, namely, Registration, Surface Determination and
Porosity Analysis. For this research it was chosen the Simple registration mode. To
perform the surface determination, it was used the option Advanced Surface
Determination in the software, in order to define material boundary by locally
adapted gray values. Figure 20, shows the preview of the surface determination with

advance mode.

Fig. 18 - Detail of the advance surface determination of an object corner
with different gray values.

The final step consists on doing the Porosity/Inclusion Analysis module and this
option includes various algorithms to investigate voxel data sets for internal
imperfections such as voids and contaminations. Annex C shows highlighted in red

the fields important for porosity analysis and annex D shows the settings selected.
3.1.2 Tensile Strength Tests

In order to evaluate specimens mechanical properties and obtain the stress-strain
curves, tensile tests were performed. This tests were executed using a MTS systems

corporation machine and were performed based on EN10002-1-2001 standard. In this
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way, after being measured the diameter of all the fifty samples, they were tested
with a velocity of 2 mm/min at room temperature. The assembly necessary for
carrying out the test is shown in figure 21. The data processing was made using Excel

software.

Fig. 19 - Tensile Strength Test machine used with the specimen positioned.

3.1.3 Microstructural Analysis by OM and SEM/EBSD analysis

The microestructure evaluation and porosity quantification by OM and SEM/EBSD

analysis required a metallography preparation.

The metallographic preparation for all the specimens annalised consisted in several
steps: cutting, mouting, griding and polishing. For microstructure evaluation by OM
an additional step was made: etching. All the specimens were cut with the discotom
machine by Struers and after cleaning were embedded with hot mounting acrylic
resin with a heating time of 2 min and a cooling time of 11 min. The pressure and
temperature were, respectivily, 275 bar and 180°C. This stage was performed in a

SimpliMet 1000 machine.

The grinding step was performed with the sequence of 320-400-600-1000 grit using
a polishing machine with 300 rpm and water on. For polishing it was used 4000-grit
and a 0,1 pm diamond suspension, both with 150 rpm. The polishing step ended using

a 0,1 ym silicon suspension.
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Talking about the strategy used for the density cubes, the samples with highest and
lowest porosity value and one control sample were observed in the optical
microscope without etching, just to quantify the porosity present in one cross-
section. In order to have confindent results, the entire surface of the sample was
run having analyzed approximately thirt fields with an ampliation of 5x. The OM
analysis was made manually, meaning that there may be areas that have been
analyzed twice or areas that have not been analyzed. The OM software in question
is Las Leica sofware and for the porosity quantification it was used the phase analysis
module. Lastly, the same cross-section was chosen in the CT making it possible to

compare the two techniques (figure 22).

Microscopic Photograph
Metallographic examination B o

Physical section
Motchlng planes

I CT reconstruction

CT sections CT section - porosity analysis

Fig. 20 - Flowchart that represents the strategy used for the
density cubes.

For microstructure evaluation, it was chosen two samples of each tensile strength
samples batch, one from the vertical and horizontal direction, giving a total of ten.
After that, cuts were made in the mooring heads of the samples, considering that it
was an area that suffered very small plastic deformation. In order to reveal the
microstructure it was executed an etching with waterless Kalling’s reagent composed
by 100 ml of C2HsO, 100 ml HCl and 5 g of CuCl, with an exposure time of 30 seconds.
In order to obtain the images of the microstructure, it was used the OM software

mentioned above.

SEM/EBSD analysis were performed in two tensile strength samples (one vertical and
horizontal direction) from the control batch (number 0). The equipment used was
the FEI Quanta 400F Scanning Electron Microscope and the TSL OIM Analysis software

was used for the data processing.
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4. Results and Discussion

Firstly, in this chapter are presented the evaluation of density cubes by CT and their
comparison with porosity quantification by OM and with Arquimedes method. It is
also analyzed the influence of the process parameters in these characteristics.
Secondly, tensile strength tests were performed in all tensile strength specimens in
order to study the influence of process parameters in mechanical porperties.
Complementary techniques, namely CT, OM and SEM/EBSD, were used to understand

the correlation between microstruture and porosity with mechanical properties.
4.1 Density Cubes

Figure 23 shows how the results of density cubes are presented. In this way, initially
it will be made a comparison between the CT results and other techniques, namely,
OM and Archimedes method. In the first case, the comparison doesn’t concern just
the porosity value but also includes the distribution and sphericity along a specific

cross-section. This first part, aims to evaluate the CT’s accuracy and reliability.

The second branch has the objective of perceiving the influence of the process
parameters on the porosity parts/specimens. With this, initially the relationship
between the porosity evaluated by CT and the energy density is established
graphically. Afterwards, it’s presented the interaction plots made with Minitab
software for a further analysis of the effect of porosity percentage on the individual

and simultaneously process parameters.

CcT

Porosity
7 LN

Percentage sphericity distribuition

Comparison with
other tecnhiques

1 |

Archimedes - Interaction
oM
Method Energy deasity Plots

Influence of process
parameters

Fig. 23 - Flowchart concerning the density cubes results.

DISSERTATION | MIEMM | FEUP 30



Ana Marques | THE INFLUENCE OF PROCESSING PARAMETERS ON INCONEL 718 PARTS: CORRELATION OF CT MEASUREMENTS WITH PROPERTIES

Thusly, figure 24 shows the porosity evaluated by CT for each specimen of density
cubes produced. It should be noted that the values of porosity present are the ratio

between material volume (mm?3) and defect volume (mm3).

Porosity %
w

1 3 5 7 9 11 13 15 17 19 21 23 0-1 0-3 0-5 0-7
Sample number

Fig. 22 - Results concerning porosity given by CT.

According to these results, the specimen that presents the highest porosity value is
specimen number 23 (4.13% + 0.37) and the lowest is specimen number 19 (0.43% +
0.30). Therefore, is pertinent to compare these specimens with one of the control
specimens, for instance, specimen 0-1 . In figure 25, it’s displayed the CT results

concerning the porosity percentage.

Fig. 23 - 3D CT results concerning porosity on samples number 19, 0-1 and 23.
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The disparity of the results of the specimen 23 in comparison with the other two,
comes from the fact that the process parameters have exerted a great influence.
The specimens 19 and 23 have the same LP and PD, namely, 150 J.s' and 60 pm,
herewith, the difference comes from the DH and ET applied. While specimen 19 uses
a DH of 40 pym and ET of 100 ps, specimen 23 uses 100 pm and 40 ps. Applying such
a high value of DH in specimen 23, may lead to porosity between layers, not assuring
an overlapping between two layers in a row. Besides, the ET of this specimen is the
lowest compared to all the specimens, showing apparently, that this value could be
the reason for such a high porosity formation, implying that this time is not enough
to promote the particles’ melting. The study developed by Z. Zhou [50] proves
through SEM images that a low ET leads to discontinuous melted laser scanning

tracks.

Specimen 19 and the control sample 0-1 have exactly the same parameters with the
exception of DH, 40 and 100 pm respectively. Specimen 19 shows the lowest porosity
due to the short DH, proving that applying a reduced DH is advantageous in a way
that this generates an overlapping of two adjacent lines of molten metal, avoiding

the appearance of porosity.

Figure 26 presents the CT results, but this time, focusing on sphericity, being this,
the measure of how closely the shape of an object approaches to a mathematically
perfect sphere. From its analysis, it’s possible to observe that specimen 19 and 0-1
present similar results, showing sphericity around 0.70-0.90. The last specimen,
presents lower values of sphericity, namely, around 0.40-0.70, characteristic of the
green and blue scale colors. This means that specimen 23 presents defects that are
not close to the spherical shape, and with this, the morphology of its defects will be

discussed down below trough OM images.

Fig. 24 - CT results concerning sphericity on samples number 19, 0-1 and 23.
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After analyzing a specific cross-section in the OM, it’s possible to find the same cross
section in the CT and compare one field of observation. That being said, figure 27

illustrates this comparison between the cross sections through images (CT images vs

OM images).

Fig. 25 - Comparison between the same cross section evaluated by CT and OM in samples 19 (a) (b), 0-1 (c)
(d) and 23 (e) (f).
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Making a detailed analysis of these images, it’s possible to indicate that they are in
agreement, in the sense that the porosity observed in each section corresponds in
the two techniques and it’s growing along the specimens under study. Besides,
comparing the OM images with the morphology analysis made by CT (figure 26), we
noticed that there is also a coherence, since the specimens 19 and 0-1 show a
porosity with an approximately spherical morphology and specimen 23 shows another
type of morphology, namely, angular, flat defects and voids, resulting in a lower

sphericity percentage.

Focusing on the type of porosity, namely, near-spherical defects like in specimens
19 and 0-1, these are related to surface roughness, particle melting, melt pool
stability and re-solidification mechanisms, as has also been described by Mumtaz [51,
52]. This kind of porosity, also suggests that the gas present in the starting powder
layer became trapped in the melt pool, thereby producing residual porosity in the
solidified bulks. Based on the study by XinZhou [50, 51], the macroporosity presented
by specimen 23 could be a consequence of, insufficient energy that gives unmelted
spots in the laser scanned tracks due to reduction in the size of melt pool and leads

to the formation of voids along or between the lines of the hatch pattern.

For a further comparison between the two methods, table 13 presents the data given
by the software of both techniques. Both OM and CT porosity values concerns the
defect area in the cross-section (ratio between the analyzed area and the defects
area), allowing a more reliable comparison. Herewith, the differences between the
two methods are not significant, and it’s important to keep in mind that both
techniques have an uncertainty associated. For instance, both methods are influence
by the operator, and in this way, the software parameters chosen may change

according to the person that is responsible for the analysis.

Table 13 - Comparison of porosity value of CT and OM techniques concerning the samples 19, 0-1
and 23 for the cross-section.

Sample number

oM 0.20 +0.24 0.58 +0.21 10,97 +3.40

() 0.31+0.25 0.42+0.33 12.00 £2.13
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Overall, although the results are similar, CT offers the possibility of doing a
volumetric observation, allowing a 3D perception of the defects. Besides, it doesn’t
require any kind of preparation and it’s a non-destructive method, being this an
incredibly important asset in the AM field, considering that often only one piece is
produced it’s not advantageous to damage during QC. The fact that it is a non-
destructive method is an advantage that other methods cannot match, since it’s
often to be produced single parts or very small series it’s important to maintain the
integrity of the parts during quality control. The disadvantage of this method is that
although no metallographic preparation is required each analysis takes a significant

amount of time.

Until now, CT was compared to the OM in order to compare results concerning the
porosity morphology and percentage. However, considering that one of the main
goals of this research is evaluate CT’s measurements accuracy, it’s relevant to
correlate its results with another common method, namely, the Archimedes method.
The values of this last technique are provided by C. Wilsnack master thesis [48]
(figure 28).

100,00
98,00
96,00 \/\A
94,00
92,00
90,00
88,00
86,00

84,00
82,00

Relative density

1 3 5 7 9 11 13 15 17 19 21 23 0-1 0-3 0-5 0-7
Sample number

Fig. 26 - Values concerning the relative density for each sample [47].

The graph that relates the porosity given by the CT and relative density is presented
on figure 29. First, a regression fit equation was added being this the “best fit” line

for the data, in other words, an average of where all the points line up. In this case,
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it’s represented a linear regression, the line is a perfectly straight showing a linear

relationship between the methods under study.

Further on, the points highlighted in red represent the control specimens, showing a
relative density between 98.9-99.1% that corresponds, according to the CT, to a
porosity of 0.45-0.50%. The points highlighted in light blue reveal that the relative
density increases with the porosity and this not a coherent fact, although the CT
analysis was repeated in these specimens. These incoherent facts don’t have a clear
explanation, but it’s a known fact that these measurements may be a consequence
of several factors during the production cycle phase and in quality control, being

both dependent on the operators influence.
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Fig. 27 - Graphic representation of Porosity vs Relative Density-

Evaluating the CT’s performing what it’s possible to say is that in such a small batch
there are some deviations, being normal to rise some questions respecting its
accuracy and reliability. Nonetheless, it should be point out that most of the
specimens under study have different process parameters and these leads to
difficulties to access its accuracy. In this way, it would be more expedite to evaluate
the CT measurements when all the samples have the same process parameters
because in this scenario, the porosity expected should be all the same and in case of
nonconformities it would be immediate consider an inaccurate technique. Taking
this into account, focusing on the control samples (red points) that have same
parameters, when analyzing the CT’s outcome regarding this samples, it is pretty

satisfying because the porosity values barely changes.
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Lastly, although there are still many concerns related to the CT, this technique is
constantly subject to improvement actions. With this, it’s expected that its
uncertainty will become better over time being more and more an asset in the AM
field.

4.1.2 Energy density

During the literature review, the concept of energy density was introduced and
through the parameters involved in this study it’s possible to make the proper

calculations (figure 30).
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Fig. 28 - Results concerning the energy density for each specimen.

With the ED density results it’s possible to make a correlation with the porosity given
by CT (figure 31). With this, applying an ED less than 50 J.mm3 the specimens show
higher porosity levels. This means that applying a very low ED, the energy is not
enough to promote the total melting of the powder particle and as consequence the

defects amount increases leading to higher porosity percentages.

From an energy density of 52 J.mm3 the values are approximately constant, around
0.49% porosity, except for point highlighted (specimen number 8). Although these
specimens have a high value of ED, the PD (80 ym) and DH (130 pym) provoked a
higher porosity percentage probably since the distance between layers and between
the laser points is elevated, originating porosity between layers and in the same

layer.
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At higher energy densities, there isn’t a considerable amount of pores on the part
due to melting of the powder mixture by the laser beam and this leads to less porosity
percentage. However, even when providing a higher amount of ED, for instance

above 200 J.mm3, it doesn’t mean that the porosity level decreases, on the other
hand, it is the same or slightly higher.

Checking the results corresponding to the graph of porosity vs ED with other studies
[53], it is verified that the curve presented is in agreement and shows a satisfying
outcome. Overall, it’s evident that the formation of a porous structure can be

controlled by manipulating the amount of energy provided to the system.
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Fig. 29 - Graphic representation of Porosity vs ED.
In figure 32 the graphic shows the correlation between relative density and ED and
through its analysis, the relative density increases with the applied ED until
83.3 J.mm3: From this value forward the relative density values are approximately

constant even applying a higher ED. The value of specimen highlighted in light blue
is the same as figure 31, result of the explanation given above.

The results of the two graphs are in agreement considering that the information

provided is complementary, when the porosity decreases the relative density
increases, what was expected.
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Fig. 30 - Graphic representation of Relative density vs ED.
4.1.3 Process Parameters Interaction

In figure 33, it’s presented the effects that each parameter has on the porosity value

through a main effects screener, provided by one of the minitab’s functions.

Through its analysis it should be noted that in general all values are close to the
mean except for the application of an ET of 40 pm, resulting this value in the greatest
deviation from the average, considering all points. This implies that this exposure
time is not sufficient to cause total melting of the particles and therefore, the

amount of pores and other defects are much higher in this case.

The variation of the LP values doesn’t have a significant effect on the porosity values
because all the points are close to the average, being the interval from 100-200 J.s™ ',
a reasonable interval. In this way, the LP parameter has the least isolated effect on

porosity.

The PD and DH of 40 pm results in the lowest porosity value in the specimens. And
this makes sense considering that a DH of 40 pm allows the developing of two
overlapped layers, reducing the probability of porosity appearing between two

layers.
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The ideal parameters setting combines a LP of 200 J.s!, PD of 40 pm, ET of 160 ps

and DH of 40 uym. For a more detailed information about the main effects on porosity,

see annex E.
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Fig. 31 - Main effects of process parameters on Porosity.

Although the main effects analysis is useful to verify that the chosen parameter
amplitude produces variation in the porosity, this is a very individual approach.
Besides, it’s known that during the process the effects of the parameters are not
independent, so it’s relevant to take a look at the interaction of all the parameters
simultaneously. In this way, the diagram presented in figure 34 illustrates the
interaction between all the parameters. The Interaction Plot is used to show how
the relationship between one categorical factor and a continuous response depends

on the value of the second categorical factor.

Evaluating the lines is essential to understand how the interactions affect the
relationship between the factors and their response. In this case the diagram is
composed mainly of nonparallel lines, this means, that an interaction occurs and the

more nonparallel the lines are, the greater the strength of the interaction.
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In the case of LP, represented in the first line of the diagram, it’s possible to observe
that for all the five values chosen for LP there is an interaction with DH at 100 pm,
PD at 60 um and ET at 100 ps. It’s possible to recognize that there is an area where
the five lines are approximate, this means, that the interaction between LP and the
other factors is strong, and the porosity obtained is a product of the interaction of
several factors and not of an isolated factor. The same is true for the other lines in

the diagram because no window has parallel lines.

All the windows, instead of having a connecting line between several points,
apparent just a point, for instance, LP of 200 J.s! (grey and triangle symbol). In this
type of cases, it’s difficult to make an analysis of the influence of the application of
a particular factor, since there is only one specimen subject to this condition. The
ideal, would be to have several samples with the same process condition in order to

obtain a line in the diagram and check if there would be more interaction with other

lines.

40 70 100 130 160 20 40 60 B8O 100 40 70 100 130 160
* a P Lasor
~ 100
" 125
P_Laser X 150
S 17§
> 200

2 A 2
* o
PO S ¢t » | S e
]

< 4 d hatch
v a0
s 10
d_hatch x 100
130
. A > 160

¢ o ! L] ¢ . : 3 ¢

0

* a d Point
» 20
, w 40
d_Point x 60
80
A . 100

t_exp

Fig. 32 - Interaction plot for porosity %.
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4.2 Tensile Strength Specimens

This section will provide all the results concerning the tensile strength specimens
and figure 35 shows the techniques used in these speciemens along with the main
purpose of each. In this way, this analysis begins with the presentation of the tensile
test results. From here, complementary techniques, namely CT, OM and SEM/EBSD,
were used to understand the influence of process parameters and building direction

(XY and Z) on porosity and mechanical properties.

Influence of process parameters

and building direction on Tensile Strength

mechanical properties tests
k.
CT oM SEM/EBSD
Influence of process Influence of building direction on
parameters and building Microestructure, Texture,
direction on Porosity Crystallographic direction.

Fig. 33 - Flowchart concerning the Tensile Specimens results.

Regarding the tensile tests, the tension-strain curves were obtained by the average
of all the results in the horizontal direction (HoD) and vertical direction (VD) is
presented on figure 36 a) and b). These curves enlighten the fact that the parts built
in the VD show a lower ultimate tensile strength (UTS) and as consequence present
a higher strain value. The inverse is verified in the parts manufactured in the HoD,
higher UTS but reduced ductility. The differences in the strain value is almost 10%,
making a considerable aspect to take into account for some applications. In this way
the average UTS and strain for the VD is 925+149 MPa and 28+8 %, and for the HoD is
1036+206 MPa e 17+6 %. The reason for such a high deviation in UTS is related to the
fact that it is an average of all batches, agglomerating specimens with different

process conditions.
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Fig. 34 - Tension-Strain curves for the vertical (a) and horizontal (b) samples orientation.

Moreover, the type of fracture present for both directions is also different, the
samples built in the VD showed a «cone-cup » fracture, typical of a plastic
deformation fracture. On the other hand, the samples built in the HoD present a
fracture typical from elastic deformation or a mix fracture from plastic and elastic
deformation. Besides, some of the lowest strain values coincide with rupture in the
gage length limit, probably this aspect could be a consequence of concentration
points at the surface (surface roughness) and the fracture mechanism started from

that region.
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For a more detailed information, figure 37 presents the results concerning the UTS
for each batch, differentiated each direction (HoD and VD). Through its analysis it’s
possible to check that in every batch, the UTS is higher in the HoD than in VD. The
VD in batch 1 and 2 presents the lower values of UTS and the HoD of batches 0, 3
and 4 the higher values of UTS.
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Fig. 35 - Graphic representation of UTS in each batch, VD and HoD.

However, in figure 38 that presents the results concerning the strain, it’s possible to
see that the samples with lower values of UTS display a higher strain value and the
same relationship is verified in the samples with higher UTS. In this case, the VD

shows a higher strain value in every batch.
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Fig. 36 - Graphic representation of Strain in each batch, VD and HoD.
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Regarding the relationship between mechanical properties and process parameters
it’s possible to say that the different parameters did not exert a drastic influence on
the mechanical properties, when considering the same building direction in every
batch. In another words, the UTS and ductility values do not present a significant
disparity when looking at the same building direction. This can be explained by the
fact that the values of the process parameters are similar and it is not possible to
observe a greater disparity. However, when looking at the same batch, built under
the same process parameters, there is a greater disparity in the vertical and
horizontal directions. The effects of build direction and orientation on mechanical
properties remain unanswered. Some works report that the orientation has no clear
effect on UTS or yield stress but influences the elongation [54, 55]. The differences
in the grain growth orientation may promote variations when the tensile tension is
applied in the samples. In this way, the influence of the crystallographic direction

will be addressed later when presenting the results of SEM/EBSD and OM.

According to a study developed by S. Gorsse et al. [54] another theory for the
anisotropy in the HoD and VD is related to the porosity. If the defects are
perpendicular to the loading direction, the defects are expected to open at relatively
low stress levels. If the defects are parallel to the tensile loading axis, the opening
of these defects becomes more difficult. It is worth noting that size, morphology and
nature of porosities also influence the mechanical properties. With this, is pertinent
to complement the results of tensile tests with the porosity values given by CT and

try to come up with a relationship between the two techniques (figure 39).
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Fig. 37 - CT porosity values concerning the tensile strength samples.
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What it’s possible to observe in figure 39 is that although in the CT results, batch 1
and 4 had a considerable amount of porosity in the HoD, this porosity didn’t have
severe consequences with respect to UTS, not showing a decreased value. In the
same sense, although the batch 1 in the VD has shown little porosity, the value of
UTS is relatively low in comparison with the remaining conditions. However, when it
comes to strain values, the highest’s porosity values leads to a low ductility and, for
instance, the low porosity shown in the batch 1 VD led to a high strain value. In this
way, the presence of porosity affects negatively the strain value, meaning that high
porosity results in low strain value. In this sense, the presence of different defects
(i.e. flat defects and angular) that can form inside a layer or between layers, will
affect mechanical properties, specially ductility. Defects like pores tend to act like
tension concentrating points which hinder the movement of displacements and this
will have repercussion in the deformation mechanism during the tensile tests,

leading in most cases to higher UTS.

Besides this relationship what is interesting to see is that the porosity in the HoD of
batch 1 and 4 is significantly high and what these batches have in common is the low
value of laser power applied (100 J.s™"). Figure 40 displays the specimens according
to the building orientation, alongside with the layer length. The laser path is way
shorter in the VD and this promotes a lower thermal gradient, meaning that when
there is the formation of the next layer, the re-melting of the previous layer is
efficient because the temperature has not dropped significantly. This leads to less
porosity, due to a good interlayer connection, avoiding the appearance of pores or
defects between layers. The opposite occurs in the HoD, because the laser path is
much longer, there may be areas where the powder doesn’t re-melt totally due to

the lowering of temperature, leading to higher values of porosity.

a) b)

Fig. 38 - Schematic representation of tensile strength specimens and the layer length
in each building direction: VD (a) and HoD (b).
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Overall, there is anisotropy of mechanical properties of samples manufactured
parallel and perpendicular according to the main platform of LPBF system. Both the
mechanical properties and porosity depend on building direction, the laser path and
the thermal gradients involved. This effect of anisotropy may be decreased by heat
treatment (stress relief, stable microstructure, and phase composition) and HIP
(closing internal defects such as pores and cracks). High residual stresses during LPBF
is one of the limitations of this technology and, for solving of this problem, it should
be used special strategies of hatching (for example, “chessboard hatching”) and

carefully prepared support structures.

So far, what can be stated is that the LPBF process has a directional effect on the
properties of the forming parts due to its basic deposition principle. However, in
order to understand why this change occur and for that purpose it’s important to
analyze in detail the results obtained from the OM and SEM/EBSD.

The OM images selected correspond to the control batch (number 0) and are
presented as an example since the remaining batches presented similar
characteristics. Through its observation (figure 41) it’s possible to realize straight
away, that the etching wasn’t that efficient when it comes to reveal the
microstructure, grain morphology and phase constituents simultaneously. That being
said, it was necessary to find a balance between revealing the grain boundaries and
the laser path without appearing to be over etched. For both directions it’s possible
to see an overview of the layer structure of horizontal and vertical specimens with
the distinct melt pool boundaries. Gas pores are evident in the specimens, and some
of them are near or on the layer boundaries, being possible to see, for instance, in
figure 41-b. For vertical specimens, the microstructures reflect the laser melt pools
that appear predominantly half-cylindrical shape. Besides, the spacing between the
melt pools is close to the hatch space, based on the measures made by the Image J
software. This kind of structure is common to appear during LPBF parts analysis,
being referenced in [1, 56]. Besides, in figure 41-b with more magnification it’s
possible to see that areas, especially near, the melting pool boundary, present fine
cellular-dendrite microstructure. The melt pools are not necessarily symmetrical and
are not identical to each other. What it’s known is that the Laves phase embeds in
the interdendritic region, and by the alighment of Laves phase the growth directions

of the cellular-dendrites are stablished. It is also visible in figure 41-b that the
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growth directions of cellular-dendrites are not perfectly parallel to the building
direction, but instead tilted some degrees away from the building direction. A study
developed by D. Deng et al [32] also displays this dendritic structure of Inconel 718
parts produced by LPBF. In the horizontal specimens, the melt pool boundaries have
a different shape, showing a cross-hatching scan strategy. It’s possible to see some
grain in the bigger magnification figure (41-d), however it’s not enough to do a full
characterization. Here de dendritic structure is not perfectly clearly, making it hard

to extract information.

Fig. 39 - OM image of the control batch of VD (a and b) and HoD (c and d).
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This images present very little detail when it comes to distinguish its constituents.
In this way, SEM/EBSD analysis were made in the same samples and this enabled a
more in-depth analysis of the microstructure, being able to identify the differences
between the two directions. In figure 42, are presented the microstructures
according to the SEM/EBSD analysis and these images show different grain
orientation, the vertical sample presents grains with a more elongated shape and
the horizontal direction shows a more equiaxial grain. These differences in the grain
growth orientation according to the building orientation is also observed in the
research developed by D. Deng et al. [32] and S. Gorsse et al. [54].

Fig. 40 - SEM/EBSD results concerning the VD (a) and HoD (b) for the control batch c) Inverse polo figure.

These results have answered to one of the most important questions raised in this
research, which is why there is a variation in the mechanical properties between the
two directions of construction. Making a correlation with the tensile tests, the
vertically built samples were tested with the columnar grains parallel to the stress
axis, and the horizontally built samples were tested with the stress axis

perpendicular to the length of the columnar grains. The higher elongation in VD can
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be mainly attributed to the fact that the columnar grains are along the length of the

tensile samples [54, 57].

The outcomes concerning the texture detected by the software TSL OIM Analysis 5
are presented in figure 43 This analysis gives as red areas the direction that the grain
tends to follow during the crystallization, TD means transversal direction and RD,

rolling direction.
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Fig. 41 - Texture analysis given by TSL OIM Analysis 5 software for (a) VD and (b) HoD.

In the first case, there are two main red areas, proving the existence of a preferential
growth direction, that so far what it’s known is that it’s less than 90° from the origin
and TD axis. However, using figure 44 a) that represents the grain shape orientation
it’s possible to affirm that the angle in question is between 70°- 80 °. In this way,
the grains grow, approximately, at 70°from TD and at 20 ° from RD. The existence
of a preferential direction is in agreement with the appearance of elongated grains
in the microstructure. Regarding figure 43-b, there is only one red area in the center,
meaning that the grains tend to growth in the 001 direction. Considering, that this
sample was built horizontally, the grains crystallization direction follows the build
direction. The grain shape orientation of the horizontal specimen (figure 44-b) shows
that distribution is well balanced, not displaying a preferential angle. With this, it’s

natural that the microstructure given by SEM/EBSD presents an equiaxial grain.

DISSERTATION | MIEMM | FEUP 50



Ana Marques | THE INFLUENCE OF PROCESSING PARAMETERS ON INCONEL 718 PARTS: CORRELATION OF CT MEASUREMENTS WITH PROPERTIES

Area Fraction

20 40 60 80 100 120 140 160
Major Axis Orientation [degrees]

b)

Area Fraction

20 40 60 80 100 120 140 160
Major Axis Orientation [degrees]

Fig. 42 - Grain shape orientation for (a) VD and (b) HoD.
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Conclusions

There has recently been consensus that the unique capabilities offered by AM
processes qualify them to be game changing technologies. The design freedom, the
ability to produce arbitrarily complex geometries, and reduced material waste,
among other benefits, can have transformational roles across many industry sectors
such as aerospace, healthcare, and automotive. However, there is also similar
consensus among experts and stakeholders that the quality of metallic AM parts is
still not sufficient to meet the stringent requirements of these sectors, which
hampers the widespread adoption of AM as a viable method of manufacturing. This
represents a major barrier toward fully exploiting the unique capabilities that it

offers.

One of the main goals of this research was to explore the methods of quality control,
focusing on, evaluating CT’s accuracy through its comparison with other techniques
(OM and Archimedes method). This allows to take one step closer to the qualification
of the parts manufactured by AM. Besides, in order to go further in the AM
technology, it’s crucial to have a fully understanding of the process, its underlying
physical mechanism and find out how process parameters affect the microstructure
and mechanical properties. In this sense, during this investigation it was also one of
the objectives evaluate how the process parameters influenced the microstructures

and mechanical properties of the parts.

Firstly, it was shown through the CT results that the porosity values change according
to the parameters set in the process, and concerning the cube samples, the sample
that stood out for its high porosity value was specimen 23 (4.13% + 0.37) being a
consequence of the low ET applied. Specimen 19 (0.44% + 0.30) presented an even

lower porosity compared to the control samples, due to the lowest DH value applied.

When compared the CT and OM results, concerning the porosity in the same cross
section, the results were satisfactory, in the sense, that the porosity observed
through pictures was similar as well as porosity percentages. Besides, the type of
porosity shown in specimen 23 in the OM pictures was angular, flat defects and voids,
proving the lowest sphericity value given by the CT. Additionally, analyzing the

relationship between the process parameters and porosity values through the
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interaction plots, it’s possible to point out that the parameter that provoked the
higher deviation from the average values was the ET, particularly, when applying the
ET of 40 ps. Still in the interaction plot, it’s feasible to affirm that the interaction
between all the parameters is strong due to the amount of non-parallel lines, proving

that during the process all the parameters act simultaneously.

Regarding the ED studies, it was shown that the porosity decreases with the ED
applied until a certain point, namely, 52 J.mm3, then it presents an approximately
constant value of porosity. The inverse happens when it comes to the relative density
vs ED, meaning that the relative density increases with the ED until the 83.3 J.mm-3

and then it also stabilizes.

Concerning the mechanical properties of the specimens built in two different
directions (XY and Z), it’s possible to say that, the vertically built ones shows lower
strength but higher ductility than the horizontally built sample. The average of UTS
value is 925+149 MPa for the VD and 1036+206 MPa for HoD. The strain values are
respectively, 28+8 % and 17+6 %. This sample orientation dependence of mechanical
properties of the Inconel 718 samples is probably attributed to the different amount
of residual stress due to different thermal gradients and dislocations accumulated in
the samples. The CT results showed that the presence of porosity affects negatively
the strain value, meaning that high porosity results in low strain value. Besides,
applying low LP values, such as 100 J.s' had as a consequence a considerable
difference of porosity between the two directions. The HoD showed a high value of
porosity probably due to elevated thermal gradients, there may be areas where the
powder doesn’t re-melt totally due to the lowering of temperature, leading to higher

values of porosity.

In the OM analysis, for both directions it’s possible to see an overview of the layer
structure of horizontal and vertical specimens with the distinct melt pool boundaries.
For vertical specimens, the microstructures reflect the laser melt pools that appear
predominantly half-cylindrical shape. In the horizontal specimens, the melt pool
boundaries have a different shape, showing a cross-hatching scan strategy. Some
cellular-dendrites are observed next to melt pool boundaries and its growth is

governed by the local thermal condition.
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The microstructures according to the EBSD showed that vertical sample presents
grains with a more elongated shape and the horizontal direction shows a more
equiaxial grain. Moreover, to be certain about the texture of the samples and grain
orientation, it’s necessary to analyze a significant surface area which did not happen
in this case. In other words, the reduced surface area analyzed does not allow clear
conclusions to be drawn about the crystallographic texture. What can be mentioned
is that, distinct grain orientation will affect the mechanical properties in each
direction due to different residual stresses in the microstructure and the fact that
the direction of the applied force during the tensile tests according to the grains

orientation is different.

Regarding quality control, the CT technique has shown to be a good asset in the AM
field because its results were mostly in accordance to the other more common
methods. However, it would have been better to analyze a large batch, including for
each set of parameters more than one sample. In this case, it would be possible to
collect more precise information regarding the uncertainty of the measurements,

being easier to identify deviations.

Besides, alongside with other techniques, such us OM and SEM/EBSD, CT proved to
be a good complementary technique not only for quality control but also for
perceiving the differences in mechanical properties between the two construction
directions. In this way, it was possible to establish the relationship that the presence
of porosity interferes with the ductility value of the manufactured parts. Besides, to
study the effect of process parameters this method is good resource since it can

evaluate the porosity distribution and ratio according to a certain set of parameters.

Lastly, it’s important to point out that, CT’s development has not stagnated, which
means that expectations regarding this technique remain high. Improvements are
still expected in order to address the drawbacks of this technique, namely
measurement time and uncertainty. However, the fact that it is a non-destructive
method is an advantage unmatched by other techniques and this makes its adoption

ever greater, especially, in the AM field.
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Design of Experiences (DokE)

Much of our knowledge about products and processes in engineering and scientific
disciplines is derived from experimentation, being, an experiment a series of tests
in which the input variables are changed according to a given rule in order to identify

the reasons for the changes in the output response [48, 58] (1,2).
The objectives of the experiment include:

¢ Identifying relationships between cause and effect.

e Providing an understanding of interactions among causative factors.

e Determining the levels at which to set the controllable factors (product
dimension, alternative material, alternative designs, etc.) in order to
optimize reliability.

e Minimizing experimental error (noise).

e Improving the robustness of the design or process to variation [58] (2).

Experimental design, is the name given to the techniques used for guiding the choice
of the experiments to be performed in an efficient way. Designed experiments are
much more efficient than one-factor-at-a-time experiments, which involve changing
a single factor at a time to study the effect of the factor on the product or process.
While the one-factor-at-a-time experiments are easy to understand, they do not

allow the investigation of how a factor affects a product or process in the presence
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of other factors. Many times the interaction effects, this means, the relationship
between several factors, are more important than the effects of individual factors.
This is because the application environment of the product or process includes the
presence of many of the factors together instead of isolated occurrences of single
factors at different times [58, 59] (2,3).

There are three concepts to consider in experimental design, namely, factor (inputs
to the process), levels (settings of each factor in the study) and response (output of
the experiment). Besides, to successfully, apply experimental design, several steps
need to be taken (fig. annex 1). In this research the main problem is the part’s
porosity, the goal is to correlate process parameters with the porosity percentage
and for that it’s necessary to define a strategy. With this, the DoE method adopted
is called, Central Composite Designs (CCD) [59] (3).

Conduct
experience

Define Problem

Determine

Data analysis

1

Interpret
results
Design l

Experiences Verify results

Fig. Annex 1 - Design of Experience process [59] (3).

Objectives

Brain Storm

Central Composite Designs

A Box-Wilson Central Composite Design, commonly called 'a central composite
design,’ consists in a full factorial and partial factorial designs to which the central
point and the star points are added (Fig. Annex 2). A CCD always contains twice as
many star points as there are factors in the design. The star points represent new
extreme values (low and high) for each factor in the design. Put this, the star points
are the sample points in which all the parameters but one are set at the mean level
“m”. The value of the remaining parameter is given in terms of distance from the

central point. If the distance from the center to a factorial point is +1 unit for each
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factor, the distance from the center to a star point is |a| > 1. The precise value of
o. depends on certain properties desired for the design and on the number of factors
involved [48, 60] (1,4).

Fig. Annex 2 - Generation of a Central Composite Design for
Two Factors [60] (4).

CCD design plans can be divided into three types: Central Composite Circumcribed
Design (CCC), when the star points are located outside, Central Composite Inscribed
(CCl), the stars are within and Central Composite Face Centered (CCF), the stars are
on the surface. The different types and some characteristics are shown in table
annex 1 [48, 60] (1, 4).
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Table Annex 1 - Comparison of the Three Types of Central Composite Designs [48] (1).

3D model

Levels for
each factor

a value

The designs CCC and CCI are rotatable in contrast to the CCF. The star points lie on
a circle or a sphere, which are spanned by the corner points of the system. To ensure
the rotation, there is the magnification factor a, which depends on the number of
experiments and thus on the number of factors k. This is calculated using the
following formula [48, 60] (1, 4):

o = (number of factorial runs)*/* (1)
If the factorial is a full factorial, then:
a= (2K)"/* (2)

Table annex 2 illustrates some typical values of a as a function of the number of
factors [60] (4).
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Table Annex 2 - Typical values of ‘a’ as a function of the number of factors [60] (4).

Number Factorial Scaled Value
of Portion for a

Factors Relative to +1
2 22 224 =1.414
3 23 234 =1.682
4 2* 244 =2.000
5 2> 244 =2.000
5 2’ 2°/%=2.378
6 261 2°/4=2.378
6 2¢ 284 =2.828
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Annex B - YXLON reconspooler Parameters.

Parameter Description
Iso Voxel The “reconstruction volume size” parameter is automatically set to the
horizontal pixel count according to the current detector settings.
Reconstruction Size of the reconstruction volume. Depending on the set size, there is a
Volume Size shorter runtime for a lower level of detail or a longer runtime for a higher

level of detail. The resulting voxel size is displayed under the slide control.
It results from the geometric enlargement, the detector size and the set
volume size.

Beam Hardening
Correction

Reducing beam hardening artefacts. After this function has been activated, a
filter - as well as an object material - can be selected. In addition, the
thickness of the filter material can be set.

32 Bit float
Volume

The reconstructed volume is represented by 32-bit floating-point values.
When the option is active, the reconstructed volume requires twice as much
memory. The option should be used when there are bright objects in the
reconstructed volume.

Truncation
Correction

With the option enabled, an attempt is made to reduce barreling effects by
extrapolation. The option should be enabled when the inspection object
partially moves out of the image during rotation or, due to sub-optimum
illumination, barreling effects can be seen in the reconstructed volume.

Noise Reduction
(Projection Space)

Enable noise reduction on the projections. Noise reduction can be adjusted
with the following two parameters, Range Sigma and Spatial Sigma.

Range Sigma

Strength of the edges that should be retained despite smoothing. Higher
values produce a stronger smoothing effect.

Spatial Sigma

Strength of the edge retaining smoothing effect.

Noise Reduction
(Volume Space)

Enable noise reduction on the reconstructed volume. Noise reduction can be
adjusted with the following three parameters, lteration, P1 and P2.

Iterations Number of filtering iterations. Higher values produce a stronger smoothing
effect.

P1 Width at half the maximum of the influence curve used for edge retaining.
Higher values produce a stronger smoothing effect.

P2 Offset of the influence curve used for edge retaining. Higher values produce
a stronger smoothing effect.

Ring Artifact Enable “retrospective” ring object correction. In contrast to the option in

Reduction the scans, this correction does not change the projections permanently.

As a result, an initial “strong” correction can be reversed even with
repeated reconstruction.

The stronger the objects expected, the higher the parameter must be set. A
higher value, however, is at the cost of resolution in the reconstructed
volume.

For the ring object correction values between 0 and 3 can be set:
- 0: Correction switched off.

- 1: Rings with a width up to 2 pixels can be reduced.
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- 2: Rings with a width up to 4 pixels can be reduced.

- 3: Rings with a width up to 8 pixels can be reduced.

Large values can cause even non-annular structures to be smeared.

Bad Pixel Enable correction of individual defective pixels in the projections. The
Reduction correction can be adjusted with the following four parameters, Filter size,
Global Threshold, Low Domain Deviation and High Domain Deviation.

Filter Size Edge length in pixels of the region used for bad pixel reduction.

Global Threshold Grey value for the division in the “lower domain” (dark areas) and the “upper
domain” (bright areas).

Low Domain If a pixel of the lower domain deviates by this percentage from the mean
Deviation value of the region defined in the “Filter size” parameter, its value is
replaced by the median of the neighboring pixels.

High Domain If a pixel of the upper domain deviates by the set percentage from the mean
Deviation value of the region defined in the “Filter size” parameter, its value is
replaced by the median of the neighboring pixels.

Median Filter Size of the median filter mask in pixels. Larger values provide a stronger filter
effect.
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Annex C - Porosity/Inclusion analysis window.
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Annex D - Porosity analysis parameters of the density cubes and tensile strength samples.

Material definition Analyis Parameters Filter Result
Use Determined Surface Probabilit Min. S5ize Max. Size
Samples Algorithm  Analysis Auto ¥
mode Threshold Desviation Noise Probability Analysis Threshol Diameter Diameter
mode Factor Reduction Criterion Area d (voxel) (voxel)
From
Density surface
Cubes VGDefX Voide Desviation 2 low General (as seen) 0,25 1 44
Tensile
Strength ROl from
Samples VGDefX Voide Desviation ? low General Volume 0,25 1 437

67
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Annex E - Individual parameters main efects on porosity.
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