Online monitoring of laser-based powder bed fusion

by acoustic emission

-Dean-Paul Riethmiller Kouprianoff-

Thesis submitted in fulfilment of the requirements for the degree
DOCTOR OF ENGINEERING IN MECHANICAL ENGINEERING
in the Department of Mechanical and Mechatronics Engineering
Faculty of Engineering, Built Environment and Information Technology

at Central University of Technology, Free State

Promoter: Prof. Ihar Yadroitsau, D. Eng.
Co-promoters: Dr. Ina Yadroitsava, Ph.D.

Dr. Nicolaas Luwes, D. Eng.

September 2021

© Central University of Technology, Free State



“Look deep
and then you

everything better.”

“Truth is so obscure in these times, and
falsehood so established, that, unless we

love the truth, we cannot know it.”

© Central University of Technology, Free State

nature,

understand

Albert Einstein

Blaise Pascal



[ Contral Uriversity of
Techrogy, Free State

DECLARATION WITH REGARD TO INDEPENDENT WORK

I, Dean-Paul Riethmiller Kouprianoff, identity number and student number , do hereby
declare that this research project submitted to Central University of Technology, Free
State (CUT, FS) for the degree, Doctor of Engineering in Mechanical Engineering, is
my own independent work; and complies with the code of academic integrity, as well as
other relevant policies, procedures, rules and regulations of Central University of
Technology, Free State; and has not been submitted previously to any institution by myself or

any other person in fulfilment of the requirements for the attainment of any qualification.

Signature of student

Date: 7 September 2021

© Central University of Technology, Free State



ACKNOWLEDGEMENTS

I have learnt so much about the scientific environment from this study and have come to realize
that it is truly a privilege to measure scientific phenomena. My whole life | have wanted to
contribute in some manner and it always felt impossible. A great turning point has come in
realizing that we need only look at Nature. I am sure that for some this thought might be trivial
or insignificant, but it never occurred to me or | have not listened. Nature, as God has created
it, is very inspiring and it stirs my soul. God said “let there be light” and in His great wisdom
He first created radiation. Radiation in its various forms sets everything into motion, providing
the foundation of life. The flickering light of the stars was to be a compass for the early sea
explorers and light feeding the flower gently turns its stem. Radiation accomplishes these
mighty things and for the past 60 years we have used it to produce tremendous technological
advancements, one of which is Laser Powder Bed Fusion. And yet, radiation makes simple
things possible such as reading this document. And so, God calls all to enjoy His radiant light:

“This is the message we have heard from him and declare to you: God is light; in
him there is no darkness at all. If we claim to have fellowship with him and yet walk
in the darkness, we lie and do not live out the truth. But if we walk in the light, as
he is in the light, we have fellowship with one another, and the blood of Jesus, his
Son, purifies us from all sin. If we claim to be without sin, we deceive ourselves and
the truth is not in us. If we confess our sins, he is faithful and just and will forgive
us our sins and purify us from all unrighteousness.”’- 1 John 1:5-9
| would like to acknowledge my wife Zanél. She has been such a blessing to me, and in turn,

to this study. I wish I could go on to write about her beauty, strength, merry presence, dignity,
charm, loving care...but our love, although glowing, is not for all to see. If it be God’s will, |
will confine my thoughts to our personal relationship until my lamp light burns no more.

| would like to thank my supervisors, Prof. lhar Yadroitsau (Igor Yadroitsev), and Dr. Ina
Yadroitsava, for their guidance and concern that goes far beyond what is required and extends
to a personal relationship from which | have gained much. | would also like to thank Dr.
Nicolaas Luwes, my co-supervisor, from the Department of Electrical, Electronic and
Computer Engineering at CUT, for his contribution and especially for introducing digital signal
processing to me.

A special thanks to the following funding sources without which this research would not have
been possible: The South African Research Chairs Initiative of the Department of Science and
Innovation and National Research Foundation of South Africa (Grant Ne97994) and the
Collaborative Program in Additive Manufacturing (Contract No CSIR-NLC-CPAM-15-MOA-
CUT-01).

© Central University of Technology, Free State



[ Contral Uriversity of
chology, ree State

ABSTRACT

Metal additive manufacturing (AM) has seen great advances in capabilities and the technology
has matured to the point where industries, such as aerospace, are readily implementing it for
production. The main concern remains qualification and quality control. Laser powder bed
fusion (LPBF) is one of the more popular AM technologies which, as the name suggests, uses
a laser to melt and solidify a powder in such a way as to create a three-dimensional part. The

part is built in a layer-wise fashion, stacking each layer on top of the previous layer.

The quality of the part being built is dependent on the quality of the previous layer as it forms
the foundation. The advantage of the layer-wise process is that it also makes online monitoring
of the building process a viable option. Monitoring the process can allow for very tight control
and thus improve the quality or notify the operator that the component has defects and,
therefore, is not fit for service.

Current commercial online monitoring systems are mostly in the form of some sort of imaging
or temperature monitoring system. These have the ability to monitor any defects in the powder
delivery and laser scanning (melt pool). The size and shape of single tracks ultimately
determine the quality of the parts, as it is the building block of the LPBF process. All the
different process parameters interplay with each other and operate within a process window.
The powder layer should be carefully controlled because the input energy from the laser is set

and any change in material volume/powder thickness will change the resulting track’s shape.

This study investigates whether gas-borne acoustic emission (AE) signal can be used for online
monitoring during LPBF. The amazing amount of information that can be interpreted through
listening has been proved for manufacturing processes such as laser welding and monitoring

of components in service, such as electrical generators.

The experiments were carried out on a commercial machine, EOS M 280, with Ti6AlI4V ELI
alloy. The influence of the machine noise, microphone and scanning position is investigated,
and the signal filtered accordingly. Defects due to changes in process parameters are shown,
and more specifically, laser power, scanning speed and powder layer thickness. The AE is
correlated to the resulting single track shape. Each combination of sets of process parameters
produces a specific sound. The sound pressure level and frequency of AE signal are clearly

correlated to defects in single tracks that are supported by physical cross-sectioning.

The information about the characteristics of LPBF and its AE is used to develop two possible

methods which can detect a defective layer thickness. The algorithm compares the test signal

\Y
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to signals from optimal parameters and parameters which produce defects. The signals are run
through a series of processing steps and the results are then correlated to each other. It is shown

that the proposed algorithm can detect a defective layer with high accuracy.

Vi
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Chapter 1: INTRODUCTION

1.1 Background

Additive Manufacturing (AM) is defined by ASTM as “a process of joining materials to make
objects from 3D model data, usually layer upon layer, as opposed to subtractive manufacturing
methodologies” (ASTM F2792-12a). AM creates 3D objects from a 3D model designed by
CAD software. The software creates virtual cuts to the model (cross-sections), generating a
sequence of layers. These layers represent the material that would be added by stacking them
on to each other, layer by layer, which in turn forms the model. The machine superimposes the

layers onto each other until the entire part has been formed.

AM has grown considerably during the last four decades. AM is used for prototyping,
modelling, tooling and production of end-use components. Customized medical implants,
functional parts with great complexity and tooling inserts with conformal cooling are good
examples of the range of applications (Design for Additive Manufacturing, 2020; DebRoy et
al., 2018; du Plessis et al., 2019; Kruth et al., 2010). AM allows engineers and designers more
design freedom compared to that of conventional manufacturing methods: unique products can
be manufactured at low volumes in an economical way (DebRoy et al., 2019). A significant
uses the industry started to implement this technology. In 2018, GE Aviation announced mass
production of 3D printed engine parts (Lopez et al., 2021). Other real AM application is in
automotive industry: Betatype produces LED headlight component; Bugatti manufactures one
of the largest topology optimized titanium parts — brake calliper by LPBF. Mass production of
medical devices and implants by LPBF also is being introduced: for example, Bego (USA)
manufactures LPBF dental implants; DePuy Synthes Spine (USA) is printing cellular bone-
mimicking implants (Lopez et al., 2021). The doughnut chart in Figure 1 shows how AM is
applied in the different industries. The annual Wohlers Report showed that for 2012 the largest
use in the AM market was for consumer products/electronics, occupying 21.8%. In 2014,
industrial/business machines took first place, adding up to 17.5%. Although in 2019 it seems
that the markets have not changed too much since 2012, it should be kept in mind that the AM
market has grown considerably. For the last five years metal AM has seen more than 40%
growth for each year. As a practical example, automotive companies not only continue to use
AM for design and prototyping but also are increasing production parts via AM. One example
is the new BMW 8 roadster that has a 3D-printed window rail guide. To date, BMW has

incorporated more than one million AM parts in production vehicles (Wohlers, 2019).
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Figure 1: Application market for AM: in 2012 (inner), 2014 (middle) and 2019 (outer) (data from Wohlers, 2014, 2015 and
2019)

A number of metal powder systems are available with different heat sources, i.e. laser (LPBF)
or electron beam (E-PBF), which makes it is hard to keep track of the differences in
technologies in the growing metal AM industry. Most important aspects to consider when
selecting a metal AM machine are: range of materials, speed, size of the component needed,
part quality and its cost (Nickels, 2016; Bikas et al., 2016). LPBF is a multi-disciplinary
technology based on metallurgy, optics, laser physics, electronics, fluid flow, mechanics of
solids and heat transfer, etc. (Fogannolo et al., 2012). Basic LPBF machine components are
shown in Figure 3.

Create digital 3D model Slice 3D model Print part layer by layer Final Part
Powder Bed Fusion Technology

Figure 2: LPBF principle (EOS GMBH, 2020)
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Figure 3: Components of a basic LPBF machine (Kruth et al., 2010)

LPBF process involves many variables, all of which can result in reduced part quality and these
changes cannot always be easily detected. This is further complicated by the fast- growing field
with different types of systems and the general lack of standards (Seifi et al., 2017, 2016). For
products used in safety critical applications such as aerospace, part quality and the
documentation thereof are important (Krauss et al., 2014). A paper trail can be generated in
different ways such as producing accompanying tensile samples or non-destructive testing
using computer tomography (CT). Quality control remains a huge hurdle for AM to be used on
a broader scale. For example, in aerospace there are various factors that make implementation
difficult; not only does the company need AM technical know-how and skills, but the customer
must accept the use of such technology. The regulating bodies need to set standards to regulate
control of quality which in turn will lead to acceptance in industry (Dordlofva et al., 2019).
LPBF is very sensitive to process parameters of different machine manufacturers and these
technologies produce products with different material properties (Agius et al., 2018).
Therefore, quality control is all the more important. The AM community started their own
standards subcommittee in 2009 with the establishment of the ATSM F42. Thereafter, in 2011,
a cooperation agreement was established between the International Organization for
Standardization (ISO), ISO/TC 261, and ASTM F42 to develop joint standards such as
ISO/ASTM52900-15: Standard Terminology for Additive Manufacturing (ISO, 2020; ASTM,
2020). In order to reliably reproduce these excellent properties, online monitoring is required.

There is a high demand for this in AM generally and especially in LPBF as evidenced by a
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series of reviews on the topic in recent years (Everton et al., 2016; Grasso and Colosimo, 2017;
Lu and Wong, 2018; Spears and Gold, 2016; Tapia and Elwany, 2014).

To develop a system that can evaluate the quality of the part online requires a thorough
understanding of the physics involved. It is important to understand what defects are present
and how they formed. It is also essential to have a thorough understanding of the process and
the nature a characteristics of the part being examined with the aid of non-destructive testing
(NDT). To be able to select and implement a suitable testing technique, the entire process chain
needs to be considered along with possible defects that might occur. Knowledge of how defects
are generated within a component will give the operator sufficient know-how as to the
orientation, size, and other defect characteristics that will be crucial for defect detection
(Hellier, 2012).

Key process parameters in LPBF are laser and scanning parameters, powder material
properties, powder bed properties, recoating parameters and build environment parameters (see
Appendix). Slight variations in the process could lead to porosity. Residual stress causes
deformations which could disturb the process. Process signatures emanating from the melt
pools in LPBF are: molten/solidified pool, plasma emission/absorption, radiation,
reflected/scattered light, etc. These phenomena are the basis to control stability and
repeatability of the LPBF process. In-process sensing and control is one of the main steps for
ensuring repeatability and consistency of LPBF manufacturing. Commercial online monitoring
systems are available from leading LPBF machine manufacturers such as EOS, SLM, and 3D
Systems, offering EOSTATE, ADDITIVE.QUALITY and DMP Inspection, respectively.
These systems use some form of photodiode for melt pool monitoring, the CMOS camera for
powder bed imaging system, IR and UV photosensors and pyrometers for build atmosphere
monitoring (EOS, 2020; SLM, 2020; 3D Systems, 2020). These types of monitoring equipment
are expensive, some of which produce vast amounts of data. AE is a type of monitoring method
that measures the waves that arise from various energy sources, these sources induce vibration
or pressure waves which are monitored by a sensor and correlated to specific events. Although
AE has successfully been used for online monitoring during industrial applications such as
laser welding, the use of AE in LPBF is lacking. Gas-borne AE, in contrast to the above-
mentioned commercial LPBF systems is relatively easy to implement, inexpensive, has high
temporal resolution and able to give information with a small amount of data compared to

imaging systems.
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1.2 Problem statement, aim and objectives

In laser processes, such as laser fusion, welding, ablation, cutting and surface treatment, various
phenomena are observed: vaporization, melting and solidification, interaction of materials with
protective atmosphere, shrinkage and solid-state phase transformations, plastic deformations
and cracking. These phenomena are related to unique acoustic signals. It was shown that the
acoustic energy and spectrum for laser-material interactions show a strong correlation with
laser power, speed and laser spot size (Bordatchev and Nikumb, 2006; Kacaras et al., 2019;
Wu et al., 2020; Yusof et al., 2017). Different AE patterns were found to distinguish the

behaviour of optimal and faulty laser welding (Wasmer et al., 2019).

This work sets out to detect whether gas-borne AE could be used to identify failure in the LPBF
process, for example, in the processing of Ti6Al4V alloy. Most research is focused on
qualifying Ti6Al4V, not only because it is widely established using conventional
manufacturing methods and much-needed for the medical and aerospace industry, but also

because there is an extensive database available.

Single track formation is used to optimize process parameters for a particular powder material
and LPBF system. A stable single track is a primary necessity to produce a fully dense 3D part:
smooth and even tracks alongside one another result in smooth and even layers, followed by
the next layer above this with sufficient penetration into the previous layer. When forming
uneven tracks, for example, in the case of the humping or balling, the tracks are irregular, which
causes the adjacent tracks and successive layers to not melt sufficiently and, as a result, the
formation of lack-of-fusion porosity. The correlation between the shape and size of melt
pool/single tracks and porosity in 3D parts was proven in many investigations (Yadroitsev,
2009; Kuo et al., 2020; Tran and Lo, 2019). The occurrence of defects during the LPBF process
was described in detail in Kyogoku and Ikeshoji, 2020 and Oliveira et al., 2020.

Correlating AE signals with process instability, which lead to defects during LPBF, is studied.
The combination of AE with visual inspection of artificial defects in single tracks and layers
can potentially be very useful to create algorithms for online monitoring. It is shown that AE
is a valuable tool in online monitoring systems. The aim of the study is to show that gas-borne
AE online monitoring can identify a difference between varying modes of LPBF during

processing.

The objectives are:
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e To find correlation between characteristics of single track and gas-borne AE at different
process parameters.

e To find AE signature for a stable LPBF process at optimal parameters for Ti6Al4V ELI
powder.

e To develop an AE signal-processing algorithm to identify delivery defects in the

powder layer.

1.3 The scope of the project

The South African Additive Manufacturing Strategy has identified qualifying AM parts from
Ti alloys for medical and aerospace as one of the focus areas (de Beer et al., 2016). At the
Centre for Rapid Prototyping and Manufacturing (CRPM), which received international
certification (ISO 13485) to manufacture Ti6Al4V medical devices using AM (CRPM, 2020),
the current focus is on manufacturing high-quality implants with proper tracking of the process,
from powder control to final component shipment. In the present work, the focus of the study
is to create an online monitoring algorithm for LPBF using gas-borne AE. The algorithm should

be able to detect undesirable modes such as balling and keyhole.

1.4 Research methodology

The thesis was divided in phases (Figure 4):

e State of the art in the research fields: metal LBPF, peculiarities of LBPF process, current
quality control methods, AE, gas-borne AE, signal processing.

e Manufacturing Ti6Al4V LPBF components with and without artificial defects. Data
collection and analysis.

e Recording AE signals during LPBF for Ti6Al4V at different process parameters. Analyzing
modes of the LPBF process and the corresponding defects in single tracks and layers.

e Implementing signal processing: develop a way of extracting data using signal processing

from the recorded signal which would be attributed to certain defect-causing phenomena.
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Figure 4: Flowchart of the project

An overview of the thesis

The following outline defines the structure of the thesis:

Chapter 1 — Introduction: An introduction and background to the study. In this chapter the
aim, the statement and the methodology of the study are described.

Chapter 2 — Literature review: AM technology principles and state-of-the-art
manufacturing methods are investigated. An in-depth study of the LPBF process and the
nature of defect formation are presented. Online monitoring and component testing
methods and the principle of operation are discussed. AE principles relevant to this study
are described.

Chapter 3 — Materials and methods: Equipment selected for the research and the scientific
approach to produce LPBF parts are presented. The AE method and equipment are
described.

Chapter 4 — Results and discussion: Development of defects due to process parameters,
such as lack of fusion porosity, is demonstrated. Correlation between shape of single tracks
and AE is shown.

Chapter 5 — Conclusion: Conclusions drawn from the study are defined.
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Expected contribution

The detrimental effect of porosity on the mechanical properties of Ti6AlI4V (ELI) alloy limits

the effectiveness in the application and qualification of LPBF implants. This study validates an

algorithm based on detailed analysis of AE signals for LPBF of single tracks and layers to

develop an online monitoring tool using airborne AE for defect identification in the production

process.
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Chapter 2: LITERATURE REVIEW

2.1 Laser powder bed fusion process
2.1.1 Single track formation

The interaction of the laser and powder can be split into three stages: preheating, melting with
shrinkage and re-solidification. This interaction is dependent on numerous physical variables
such as laser power density, wavelength, interaction time, the thermodynamic and chemical
properties of the material, etc. Such interactions can typically be used for online monitoring as
the amount of energy absorbed etc. would change the process and thus give information that

can be used to control or evaluate the process quality.

A powder bed has a relatively high laser absorptivity: the powder surface creates conditions
for high laser absorption because multiple reflections within the powder layer causing higher
absorption than a bare substrate. The particle size and morphology determines the scatter
regimes and the sensitivity to incident energy. The laser absorption of powder layer does not
only depend on the amount of energy absorbed through the physiochemical properties, but also
on the powder shape and apparent density. Because of the above-mentioned, the absorption can
differ greatly from bulk to powder materials, €.9., Are buk = 0.36 and Are powder = 0.7 at 1.06 um
wavelength (Yadroitsev et al., 2010; Yadroitsev, 2009).

Due to surface tension, the molten material forms a cylinder-like track (Figure 5). Penetration
into the substrate or previous layer has an additional stabilizing effect for continuous track
formation. Each alloy has its own set of process parameters that yields stable or unstable tracks.

The shape of the single track is to a great extent dependent on the amount of material involved
(Figure 5). Laser power density gives an indication of how much power is put in per unit area
and determines the geometry of the track, while the height of the track is determined largely
by the powder layer thickness. If the layer thickness is too high, optimal adhesion to the
substrate or previous layers will not occur because of inadequate melting depth. A semi-
spherical shape in the cross-section of a track forms in conduction mode; the aspect ratio of
depth to width of the melt pool does not exceed 1:2. At high power density, deep penetration
occurs due to vapour recoil pressure which pushes back on the melt pool and forms a depression
in the surface of the melt pool (keyhole mode). During keyhole mode, laser reflection within
the cavity increases energy absorption. In the transition mode, a higher penetration in

comparison with a conduction mode appears and the shape of melt pool changes (Figure 5b).
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The powder adjacent to the laser spot is also melted due to scattering and conduction through
the solid material, neighbouring particles and capillary phenomena. The denudation zone is the
adjacent area on both sides of the track that is left without powder (Figure 5a). The denudation
zone influences the morphology of the tracks and layers. Variation in the powder layer
thickness causes fluctuations of the melt pool volume and the resulting track height (Manfredi
et al., 2014; Yadroitsev et al., 2015; Yadroitsev and Yadroitsava, 2015).
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Figure 5: A single track on a substrate with powder showing denudation zone, droplets, and powder entrainment zone (a)
and top view and cross-sections of single tracks in different modes of LPBF Ti6Al4V alloy with powder layer thickness
~60 um. The red semicircular line shows the melt pool in conduction mode (Yadroitsev and Yadroitsava, 2021).

Yadroitsev et al. (2010) state that at low scanning speed and instability of the molten pool is
caused by an increase in melt volume and decrease in melt viscosity. Reducing laser power at
low speeds influences the penetration and thus reduces the stabilizing effect that penetration
gives to the molten pool. Instabilities, such as distortions and irregularities of the track, occur
at low scanning speeds whilst at high scanning speeds it gives rise to a balling effect. If the

energy is sufficient to maintain boiling and evaporation of the melt pool, the vapour recoil

12

© Central University of Technology, Free State



pressure causes distortion of the tracks. If the laser power is insufficient, the track could form

a sequence of drops.

0.6 0.8 0.12 0.16

D=0.54n

Continuous tracks Balling effect

Figure 6: Cross-sections of 904L steel single tracks. Scanning speed indicated above each cross-section (adapted from
Yadroitsev et al., 2010)

Balling is a disadvantageous phenomenon in LPBF (Figure 6). It occurs when the molten
material does not wet the underlying substrate, due to surface tension, which tends to
spheroidize the liquid. Balling leads to rough surfaces, obstructing smooth layer deposition and
decreasing the density of the part. Since liquid metals do not wet oxide films in the absence of
chemical reactions, it is important to avoid oxidation and have sufficient re-melting of previous
layers to break down oxide films and provide a solid-liquid interface (Kruth et al., 2004).

Therefore, protective inert gas is used to prevent oxidation.

Yadroitsev et al. (2015) state that distortion, irregularities and balling effect (Figure 7) may be
associated with the thermophysical properties of the materials: granulomorphometric
characteristics of the powder and inhomogeneity in powder layer thickness; energy input

parameters including laser power, spot size and scanning speed; melt hydrodynamics, etc.

1storcion

.?

Figure 7: Unstable single tracks produced with 316L stainless steel: (a) P = 25W, (b) P = 12.5 W with powder layer
thickness of 50 um and scanning speed 0.02 m/s (Yadroitsev et al., 2010)
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Vaporization occurs once the melt exceeds the melting temperature causing some of the
material to evaporate. The evaporated material will expand and cause a recoil pressure on the
melt. A low recoil pressure could contribute to flattening of the melt pool, but too high pressure
could push molten material out of the pool. Care should be taken when comparing between
these findings as the observations were made with laser melting experiments that were under
vacuum (102 Pa) (Kruth et al., 2004).

At optimal process parameters, LPBF tracks and layers are continuous and have stable
geometrical characteristics (Figure 8). Single tracks produced by LPBF can be characterized
into continuous tracks with regular geometrical characteristics (Figure 8, track B) and
undesired irregular tracks (Figure 8, tracks A and C-D). Process parameters directly influence
the formation of the single track. If the scanning speed decreases, it results in excessive energy
input. In this case, keyhole mode and satellites occur during melting which leads to formation
of porosity inside the 3D sample. At low effective power, the powder experiences lower
temperatures; thus, the surface tension coefficient as well as melt viscosity increase leading to
drop formation when the pre-balling effect starts (Figure 8, track C). Drop formation (balling
effect) occurs where there is insufficient energy input because the surface tension breaks the

melting single track into individual droplets (track D).

Figure 8: Ti6AI4V tracks produced at 200 W laser power and different scanning speeds (0.8-2.4 m/s) at 50 um powder layer
thickness

At high laser power with low scanning speed, there is an increase in melt volume and a decrease
in melt viscosity and irregularities emerge. At lower laser powers with low scanning speeds,
insufficient melting and penetration occurs, and if there is sufficient energy to maintain
melting, vapour recoil pressures would cause distortion of sintered tracks. With a further

reduction of laser power, balling occurs (Yadroitsev et al., 2010).
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Short interaction of the heat source and powder caused by the high scanning speed leads to
rapid heating, melting and circulation of molten metal driven by surface tension and
temperature gradients. During melting, drastic shrinkage occurs — the density increases from
about 50% (apparent density) to 100% density once melted. The resulting heat flow will
determine the geometry of the melt pool, the cooling rate and the transformation reaction in the
melt pool and heat-affected zone (Kruth et al., 2010).

Khairallah et al. (2016) uses a laser ray tracing energy source to show fluid flow due to
Marangoni flow, recoil pressure and evaporative and surface radiating cooling. Marangoni flow
in LPBF is driven by temperature difference in the molten metal which in turn results in a
difference in surface tension and hence causes fluid flow. An important finding was the
distinction between three the different regions: 1) a depression zone underneath the laser spot,
2) a tail-end region of the melt track located near the end, and 3) a transition region in-between,
as shown in Figure 9. The depression has a complex flow and can be seen as the source of fluid.
The transition zone has a surface velocity component (VX) in the flow to the rear. At the tail,

the backward flow starts to break up.
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Figure 9: Denudation and spattering at different time stamps. The melt has a large backward flow (blue colour; Vx<0) due
to Marangoni effect and recoil, compared to forward flow (Vx> 0; red colour). The backward net flow breaks up later in
time at the necking. (Khairallah et al., 2016)
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When the temperature and recoil pressure decrease, the surface tension increases causing the
depression to close. The melt movement abruptly stops and can trap gas bubbles in the track.
Molten metal will build-up in the front of the laser. The melt will run up the front wall of the
depression and spill over and onto the particles ahead. If these particles are not drawn into the
melt pool, they can form shallow lateral pores within the transition zones. At the end of single
tracks, the laser is switched off and the large pool collapses due to sudden heat removal which
causes pores. A possible solution is to slowly reduce the laser power at the end of single tracks
(Khairallah et al., 2016).

Matthews et al. (2016) showed that for metal LPBF, the gas and powder motion are important
when analyzing the denudation zone and the incorporation of powder in the track. The process
was investigated under vacuum and at atmosphere pressure using high-speed photography. A
fibre laser with a spot size of ~50 um was used inside argon atmosphere. Apart from capillary
effect of the molten melt that pulls adjacent particles into the track, the intense heat causes the

metal to evaporate which causes metal gas to rise, as seen in Figure 10 below.
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Figure 10: Diagram showing the action of evaporated metal flux on the flow pattern of the surrounding Ar gas and particles
in the powder bed. Atmospheric (left) and low pressures right. (Matthews et al., 2016)

It was found that pressure affects the size of the denudation zone. It decreases, as with lower
laser power, which is probably due to less evaporation at lower temperatures. It was observed
that pressures above 220 Torr did not influence the size of the denudation zone. At 2.2 Torr,
the narrowest denudation zone is observed. Below 2.2 Torr, the metal vapour expansion
dominates, pushing the particles away from the melt pool. The gas flow and particle
displacement affect the height of the track and the overall surface quality. Simulations were
also carried out to rationalize the results, which showed that for Ti6AI4V a maximum surface
temperature of about 3 000K and maximum vapour velocity of 700 m/s was reached at 225 W
and 1.4 m/s (Matthews et al., 2016).
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Another study on flow by Bidare et al. (2018) stated that the powder bed fusion process is more
dynamic than generally appreciated. They were the first to suggest that the effect of the laser
plume and convection currents on the process should be considered. In their work they show
that the powder particles and agglomerates are moved by metal vapour plume and plasma
above the melt pool. They conducted all experiments with 316L powder in an argon
atmosphere. It is shown how the particle spatter changes direction when compared to the
scanning direction. At 50 W and 0.1 m/s, the particles are ejected forwards, the induced flow
of ambient gas draws powder particles towards the melt pool from all directions and the powder
is either involved in the melt pool or ejected forwards. At 100 W and 0.5 m/s, the plasma plume
is vertically upwards resulting in less momentum and thus less denudation. At 200 W and 1m/s,
the plasma plume is ejected backwards at an angle very close to the horizontal plane which
causes the powder to be pushed away from the track causing denudation. In Figure 11, the

effect of melt pool shape on the ejected particles can be seen (Bidare et al., 2018).

Similar results were found by Zheng et al. (2018). They found that when keeping laser power
constant, the laser plume tilts backwards increasing in angle as the scanning speed increases.
The schlieren imaging done by Bidare et al. (2018) shows some of the gas flow present.

Convection, FE vapour and eddy currents can be observed in Figure 11.

Bidare et al. (2018) state that flow not only contained a plume of Fe vapour but also contained
plasma. High velocities of flow were predicted via simulation: up to 800 m/s from plasma and
10 m/s for radial gas flow. The radial gas flow exerts force on the particles dragging them

towards the laser.

Trapp et al. (2017) investigated laser effective absorptivity of LPBF by directly measuring the
resulting temperature in the specimen at different scanning velocities and conditions. The
influence of laser parameters on the absorptivity was considered with and without powder. It
is a known fact that the keyhole regime has a great influence on the amount of laser power
being absorbed due to multiple light reflections which interacts with keyhole walls. For a fixed
scanning speed of 500 mm/s, varying laser power induced higher absorption (Figure 12) once
keyhole started. Absorption reaches a maximum once keyhole depth reaches 300 um. For 316L
stainless steel, a clear distinction was found between the absorption values of a powder layer
compared to no powder. For powder layers at low laser power, the absorption is higher, but
once keyhole starts, absorption follows the same trend as solid material. The thermal

conductivity of metallic powder, such as nickel-based super alloy 625 (IN625) and titanium
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alloy (Ti6Al4V), is approximately 3 to 7% compared to their solid thermal conductivity (Zhang
etal., 2019).

Hooper (2018) measured temperature fields during LPBF using a two-wavelength imaging
setup in a standard Renishaw AM250 machine. He found high temperatures for Ti6Al4V, as
high as 4 000 K, which is above the boiling point (3 560 K). At different process parameters
the cooling rates were in the range of 1-40 K/us. Higher average temperatures are found after
scanning on powder, as when scanning overhangs, because the thermal conductivity of the
powder is less than that of the substrate resulting in a long melt pool tail.

Apart from the thermal conductivity of the powder and solid, surface tension also has an
influence on the heat transfer due to fluid flow in the melt pool. Zhao et al. (2010) show that
for laser welding, an increase in surface active elements, such as oxygen in laser spot welding
(stainless steel), different oxygen concentrations (0.1 to 1%) changed the surface tension and
impacted the Margoni flow leading to a change in melt pool shape. The oxygen content also

leads to an increase in laser absorption (Boley et al., 2016).
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Figure 11: Top and side view of laser scanning (left to right) at different process parameters with schematic of melt pool
shape which determines laser plume direction. 50 W and 0.1 m/s (a) and (b); 100 W and 0.5 m/s (c) and (d) and 200 W and 1
m/s (e) and (f) Bottom showing schlieren imaging of scanning towards the camera at 100 W and 0.5 m/s (Bidare et al., 2018)
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Figure 12: Absorptivity for 316L stainless steel at different laser power at constant scanning speed of 500 mm/s—1. (a) and
optical metallograph of cross-section with the laser power corresponding to each track indicated (Trapp et al., 2017)

2.1.2 Single layer formation

Asingle layer is created from a sequence of single tracks. Because of the denudation zone near
the first track, there would be less powder involved in the second track; thus, the melt pool and
resulting track would be different from the former track, see Figure 13. Inhomogeneous layer
thickness in the next powder layer can result in a defective part (Yadroitsev & Smurov, 2011;

Yadroitsev et al., 2015).

Figure 13: Schematic showing how denudation affects track height (Yadroitsev & Smurov, 2011)

The surface of single layers is dependent on the shape of the single tracks, scanning strategy
and hatch distance. The scanning strategy will have a direct influence on density, residual
stresses and microstructure formed during LPBF. If the layer thickness is too high, no optimal
adhesion to the substrate or previous layers can occur because of the inadequate melting depth.

Therefore, a change in sound of the consecutive tracks from the layer would be expected.
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2.1.3 Three-dimensional objects

In LPBF, different process parameters are used for different parts of the 3D object. Different
parameters are assigned for areas such as overhangs. EOS refers to these areas as down-skin,
up-skin and core (Figure 14). These strategies improve surface quality, metallurgical contact,

joining among overlapping zones and material properties.
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Figure 14: EOS 3D scanning strategy segments (EOS Training Manual, 2012)

Post-processing of LPBF components includes polishing and heat treatment to change material
properties and reduce stresses; HIP is used for reducing porosity and also for changing the
material properties. To produce a metal product that is dense with good mechanical properties,
three main categories with their sub-categories need to be addressed, as shown in Figure 15.
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Figure 15: LPBF parameters (Yadroitsev, 2009)

All these properties interplay and determine the resulting part quality. Changing one parameter,
like the powder (chemical composition of particle size distribution), can change the laser-
powder interaction and result in defects such as porosity.
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2.1.4 Summary

The LPBF process is a parameter-sensitive process — a slight change in one parameter could
have a great influence on the outcome. The sensitivity of the LPBF process makes testing and
quality control all the more necessary. To produce a 3D object, the primary tracks of each layer
need to be created at optimum laser power, scanning speed, hatch distance, etc. The quality of
the consecutive layers is influenced by the scanning strategy which also determines the
temperature gradients, internal stresses and resulting microstructure. This along with the shape
of the part determines the optimal heat input to produce defect-free objects. A non-optimal heat
input could result in defects such as pores, cracks, delamination, part distortion, etc. AE could
record the whole process - from powder delivering to the melting, solidification and cooling of
the manufactured part. Acoustic waves originated from all phenomena in the processing
chamber, even noise from recoater collision with manufactured parts (if it happens) — can give

useful information about the LPBF process.

A laser-matter interaction induces heat flow and stresses inside the LPBF manufactured part
and baseplate; it also causes flows in a chamber filled by protection gas. These physical
phenomena produce unique acoustic waves that can be registered to give information on the
laser-powder interaction process. For single track formation, the gas flow caused by pressure
drops inside the evaporated jet entrain powder particles surrounding the melt pool into the
LPBF process; the vapour jet changes due to the laser parameters. The direction and amount
vapour being ejected from the melt pool can possibly be detected by studying gas borne AE
signals. The amount of energy absorption is also dependent on the process parameters (laser
parameters, chemical composition, laser mode etc.) which can possibly decrease or increase
the AE signal amplitude. A correct filtering and processing of AE signals, as well as their
recognition with finding the correlation of acoustic signals with the formation of defects for

the manufacturing process is a promising direction for quality control of LPBF parts.

2.2 Main concerns of LPBF

Due to the layer-wise building process of LPBF, porosity is a huge concern, apart from the fact
that it directly influences material properties such as fatigue, interlayer pores can be detrimental
to the structural integrity of the part especially at thin sections. The density is directly linked to

the process parameters and scanning strategy.
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2.2.1 Sources of defects

Possible defects in 3D parts are partly due to the high number of process variables, as discussed

in more detail in a comprehensive review of in-situ monitoring in Grasso and Colosimo (2017).

If the molten pool exceeds the boiling point of the material during laser scanning, a keyhole
regime, and finally a porosity regime, could initiate. To avoid pore formation, process
parameters should be adapted to avoid temperatures above the boiling point of the material.
Although penetration into the substrate and/or adjacent tracks is necessary for cohesion, too
deep penetration leads to keyhole porosity whereas too low penetration and balling effect lead

to lack of fusion porosity (Yadroitsev et al., 2015).
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Figure 16: Specimens built using rescanning strategy at laser power of 50 W (a) and 70 W (b) at a scanning speed of 0.12
m/s, powder layer thickness 50 um and hatch distance 120um (Yadroitsev et al., 2015)

In Figure 16a, the sample had elongated pores which were formed between the layers, i.e. inter-
layers pores. The deposited layer was too thick for the chosen energy input, and porosity
resulted from the lack of fusion at the layer boundaries. With the increase in power, inter-layer
pores disappeared and the shapes of the residuary pores changed (Figure 16b). An increase in
laser power may also result in undesirable effects. Higher energy input can cause high
temperatures, overheating, boiling and evaporation of material in the laser interaction zone and

irregular track formation (Figure 16).

Non-optimal hatch distance can result in formation of gaps between tracks in a single layer,
which cause a chain of pores in the final object (Yadroitsev et al., 2015). Scanning strategy is
an important consideration as it directly affects the density of the part. Yusuf et al. (2017) found
that the pores occurred at the contours of the tracks when the island scanning strategy was used,;

they wrongly attributed the pores to inclusions. At the end of the track, as the laser is turned
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off, the vapour depression rapidly collapses and solidifies causing gas bubbles to be trapped
(Martin et al., 2019a).

In-situ studies of LPBF using X-ray have given much insight into the process (Martin et al.,
2019a; Martin et al., 2019b; Zhao et al., 2017). Where oscillatory motion was observed, it is
thought that the motion was caused by laser reflection from the front wall of the vapour
depression zone, which causes the rear side to experience more radiation and change shape.
This causes waves that periodically result in instabilities. This is the reason for the occurrence
of porosity during steady-state operation (Figure 17) (Martin et al., 2019a).

Liqpid-solid 8
interface

Pore

Figure 17: X-ray images showing steady-state pore formation during laser irradiation of AI6061, laser power of 400 W and
a scan speed of 800 mm/s (Martin et al., 2019a)

Powder particle size distribution has a direct effect on laser absorptivity and, therefore, can
influence the quality of the part (Zhou et al., 2019). Powder recoating forms a large part of the
LBPF process and as powder recoating has a direct link with final part quality, recoating a
homogeneous layer will ensure that the correct amount of material is involved with each laser
interaction. Apart from powder-based properties, density of the powder layer after recoating is
influenced by machine parameters such as the recoating blade type and material, recoating
speed, powder dosing and the applied pressure (Spears and Gold, 2016). During LPBF, the
laser scans a thin pre-deposited powder layer. If powder was agglomerated, an inhomogeneous
powder layer leads to porosity in the sample, as shown in Figure 18.
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Figure 18: Ti6Al4V-1% Cu samples produced at the same process parameters: a) porosity from powder delivery; b) sample
free from defects.

Other sources of defects are changes in laser power, scanning speed, non-optimal hatch
distance, etc. The power of the laser beam determines the depth of penetration into the substrate
and the layer thickness controls the amount of powder involved in the melting process
(Yadroitsev, 2009; Yadroitsev et al. 2015). The minimum defect size has to be determined in
order to be able to qualify LPBF parts (Hirsch et al., 2017; Lu and Wong, 2018).

In LPBF, a high temperature gradient is present due to the locally concentrated energy input
which leads to high residual stresses. When the specimen is exposed to the laser beam, the
rapid heating of the upper surface layers accompanied with slow heat conduction causes a steep
temperature gradient. This results in compressive strains occurring in the bottom layers,
because the surrounding material restricts free expansion of the top layers during heating
(Figure 19a). During cooling, the tensile upper layers become shorter than the bottom layers
and bend towards the laser. The way in which these stresses are generated causes the
consolidated layers to bend towards the laser beam, which in turn could result in distortion and
part failure by delamination or cracking. The cooling of layers below the top layers also adds
to the tensile stress in the part as the layers shrink while their temperature decreases (Kruth et
al., 2004). In LPBF parts, residual stress is a concern because it could cause part distortion,
fracture and reduce the strength of the part (Kruth et al., 2010).
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Figure 19: Tensile and compressive stresses during heating and cooling (a), short and long single tracks (b)
(Kruth et al., 2004)

These stresses could result in deformation of the part during manufacturing, as shown in Figure
20, and distortion and cracks can occur when removing the component from the substrate on
which it was produced (Yadroitsava & Yadroitsev, 2015). It will be shown later that such
delamination causes stress waves which in turn can be measured using acoustic emission

sensors as part of the online monitoring process.

An important consideration during the design of AM is how the building orientation influences
the tensile properties, i.e. anisotropy. The pore shape and size has been shown to be the main
cause of pore growth and crack formation during quasi-static tensile testing (Krakhmalev et
al., 2016).
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Figure 20 : Ti6AI4V part delaminating while manufacturing (a), macro-crack of part attached to substrate (b) and SEM
image of the top layer of TiAl part with micro-cracks (c) (Yadroitsava and Yadroitsev, 2015)

Heat treatment is seen as the most effective way to reduce residual stresses created during the
manufacturing process. Heat treatment should be applied before removing the parts from the
substrate. Vrancken et al. (2015) showed that pre-heating the substrate during LPBF of

Ti6Al4V can reduce residual stress and increase ductility.

Residual stress of as-built Ti6AI4V specimens attached to the substrate is high near the surface
(800900 MPa), with the major component being in the direction of scanning (Van Zyl et al.,
2016). During manufacturing, slight distortion is not reason for much concern; however,
deformations that disturb the building process are undesirable. If delamination occurs it can
vibrate and cause the powder to move in such a fashion as to disturb the process, as shown in

Figure 21, or a protruding part can obstruct the recoating mechanism.
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Figure 21: Vibration during LPBF process causing powder to move and form valleys in the powder bed
(Van Zyl et al., 2016)

The current state is such that published reports on mechanical and especially fatigue properties
of LPBF parts vary widely between different studies (Lewandowski and Seifi, 2016). The
causes of these differences are often attributed to porosity (du Plessis et al., 2020), surface
roughness (Beretta et al., 2020), microstructure (Gu et al., 2012) or residual stress (Bartlett and
Li, 2019). Various post-process methods can be used to reduce porosity, for example, HIP (Cai
et al., 2016; du Plessis and Macdonald, 2020), to remove residual stress (heat treatment) and
to improve accuracy and surface roughness. For optimized process parameters in a commercial
system with a well-controlled build process, including appropriate post-process heat treatment
and machining of specimens, mechanical performance can be superior to that of cast or forged
metals (Yadroitsev et al., 2018).

2.2.2 Summary

Porosity and residual stress remain a concern for LPBF components, as they are not only
important factors in part quality, but also in fabrication. The material properties of LPBF
Ti6Al4V compare well with that of wrought and other manufacturing methods. Properties of
LPBF components are directly drawn from the process parameters involved during
manufacturing. It was shown that one parameter can cause significant changes; one such
change is scanning speed, which was shown to directly influence the density of the part. It is
seen that the way in which the powder interacts with the laser is very important to ensure that
optimal processes are maintained. Any disturbance in the powder layer, such as delamination
or warping of the parts, can cause variations in the powder layer leading to defects such as lack
of fusion porosity. This is also the reason why powder layer monitoring has received much
attention in AM quality monitoring research. It is hypothesised that the use of AE monitoring
can recognize lack of fusion porosity and therefore should be investigated.
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2.3 Quality control and monitoring in AM

In AM, the variation in part quality and mechanical properties, due to the presence of defects,
surface roughness and residual stress, can limit its use in high-value or mission-critical
applications. Quality assurance and certification becomes all the more important in the
production of safety-related AM components, e.g. the aeronautical, automotive and medical
industries. Certification can be obtained by various means including the manufacturing of
ancillary test specimens or non-destructive testing (NDT) using computer tomography.

Another option is to monitor the process during building; the layerwise build-up process of
AM allows for detailed monitoring (Krauss et al., 2014; Selfi et al., 2016). The National
Institute of Standards and Technology (NIST) has developed projects that aim to aid the
qualification of AM. Some of the programmes include: Additive Manufacturing Part
Qualification, AM Machine and Process Qualification and Real-Time Monitoring and Control
of Additive Manufacturing Processes, the latter having the objective to “Develop process
metrology, in-process sensing methods, and real-time process control approaches to maximize
part quality and production throughput in Additive Manufacturing (AM).” (NIST, 2020).

When considering the use of conventional NDT methods like ultrasonic or X-ray testing which
are readily used in industrial applications, some current challenges in AM technology are:
rough surface finish, complex geometries, variable and complex grain structure, undefined
defect types, sizes and shapes, lack of physical reference standards, lack of effect-of-defect
studies, lack of probability of detection information, lack of written inspection procedures for

AM processes, lack of mature in-process monitoring techniques.

2.3.1 Destructive testing

Tensile and metallographic testing is often used to accurately quantify the mechanical
properties and defects such as porosity of LPBF parts. Although destructive testing is accurate,
it only applies to the particular sample being tested, although it is assumed to be a good
representative of the material or part being tested.

For AM, tensile testing is often used to verify material properties, for example the ASTM
F3001 — 14 (11.4: Mechanical Properties), which specifies that Ti6Al4V tensile samples should
be produced in the vertical and horizontal directions and values should be obtained depending
on the type of post-processing applied. The tensile properties should be tested according to
ASTM E8/E8M (Test Methods for Tension Testing of Metallic Materials) in both the vertical
and horizontal directions due to the anisotropic nature of AM. The minimum tensile strength,
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yield strength (0.2%) and elongation values for the stress-relieved or annealed condition are
825 MPa, 760 MPa and 8%, respectively, for both the horizontal and vertical directions. As-

built LPBF exceeds the strength requirement by far but fails the ductility requirement.

2.3.2. Non-destructive testing
2.3.2.1. Introduction

Non-destructive testing refers to the various techniques used to monitor the health of a material,
component, or system in a structure without causing damage. NDT can detect potential failures
as well as inform users of the appropriate time to replace their components to increase the
safety and performance. NDT is a valuable and critical technique in many industries as it can
save both time and money in product evaluation, troubleshooting and research (Chen, 2014).
Hellier (2012) remarks that for those who wonder where NDT began, there are some who
would answer by referring to the creation of the heavens and earth in Genesis: “In the
beginning, God created the heavens and the earth and He saw that it was good”. This has been

identified as the first non-destructive test — a visual test!
Discontinuities can be categorized by the stage wherein they are generated:

- Inherent discontinuities: generated in the original production of an alloy stock material.
- Primary processing discontinuities: occurring in the first forming stages from a primary
alloy.

- Secondary processing discontinuities: occurring in subsequent forming and finishing steps.
- Service discontinuities: created during the use of a component (Hellier, 2012).

When considering the applicability of NDT methods to be used on LPBF components, it is of
great importance to understand the nature of the parts, formation of defects and NDT
equipment. Failure to acquire the necessary background knowledge exposes the engineer to
misinterpreting the results obtained (Carino, 2013; Hellier, 2012). Therefore, a thorough study

of the LPBF process and the formation of defects are necessary to select a LPBF NDT method.

Some NDT techniques that can be used for quality control in AM are visual, ultrasonic, Eddy
current, radiographic, magnetic methods, liquid penetrant test, shearography, acoustic and
thermography (Sharrat, 2015; Yusof et al., 2017).

2.3.2.2 X-ray computed tomography

Presently, X-ray computed tomography (CT) remains the most trusted method of ensuring that

an AM component is free of defects before enlisting it to service. Since the introduction of
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dimensional CT metrology, intricate components produced by AM can be inspected for
geometrical and tolerance quality control, which is not possible in any other way, as there are
no methods to measure internal geometries. CT is a very useful tool for accuracy
measurements, especially for control of the inner walls and complex inner structures, their size
and locations. CT combined with AM technology is often used in reverse engineering with
applications in the medical, industrial, archaeological and historical fields (du Plessis et al.,
2016; Kruth et al., 2011; Kim et al., 2016; Maskery et al., 2016).

X-ray CT is used by various authors to study different AM phenomena such as pores and
defects (Aloisi and Carmignato., 2016; de Chiffre et al., 2014; du Plessis et al., 2014; Karme
et al., 2015; Zidtkowski et al., 2014), volumetric density, dimensional accuracy (Kim et al.,
2016), surface roughness/topography (Townsend et al., 2016) and powder analysis (Du Plessis
et al., 2018). With reference to CT-scans, it is important to note that image quality and the
amount of detail that can be seen varies significantly between different scans and systems (du
Plessis et al., 2016b).

2.3.2.3 Acoustic testing

Acoustic emission testing (AE) is based on the principle that elastic stress waves (i.e. sound)
are generated by the rapid release of energy in the material due to relaxation of the stress and
strain fields. AE generally refers to waves that arise from various energy sources which induce
vibration or pressure waves, which are in turn monitored by a sensor and correlated to specific
events. AE can be used in different stages; during manufacturing, after manufacturing, and
whilst in service. When AE is applied during manufacturing, it serves as a health/quality
monitoring tool and when it is applied post-manufacturing or post-service, AE determines the
condition of the part. AE is used in online health monitoring of pipes and pressure vessels, leak
detection, rotating equipment, production line components and structures subject to stress and

loading. Table 1 shows the advantages and limitations of AE.

Table 1: The advantages and limitations of AE (Hellier, 2012; Raj et al., 2007)

Advantages Limitations
Large components (pipes, etc.) can
be monitored, less sensitive to Sensors often need contact with surface
geometry
Can possibly predict failure Multiple sensors needed for flaw detection
Continuous monitoring (online) Signal interpretation required
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The terms used to describe testing methods are often used interchangeably and incorrectly for
different testing methods. These terms are especially confusing because variations of these
methods can be applied either while producing the component, during service or after
production. For AE, a common misinterpretation arises with the term “AE” as it is commonly
accepted to mean the use of an ultrasonic transducer attached to an object to monitor the health

of the component, such as a machine during operation, i.e. online monitoring.

Another AE method measures the resonant frequency of a component. The resonant frequency
varies with the material properties, density and dimensions. If the resonant frequency of the
component being tested moves away from the frequency of a known good part it indicates that
the part is faulty. An example would be a crack that reduces the stiffness of the part causing
the resonant frequency to fall (Stultz et al., 2005; Bono et al., 2010; IMCE, 2020; The Modal
Shop, 2020).

The fact that energy can induce vibrations which in turn can induce sound should be kept in
mind for online monitoring of LPBF. Components from the machine can vibrate due to the
normal operation and/or the induced vibrations due to processing. In some instances, the part

being manufactured might present certain vibration.
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2.3.3 Monitoring of LPBF process

Online monitoring, or in-situ monitoring, commonly refers to data collection of a system or

process; for different industries and applications it can be to monitor the health of a structure

during service or monitoring the production cycle to verify that no deviation in parameters

occurred. A simple example would be the use of a workload thermocouple that is attached to a

metal part during heat treatment. The temperature profile can be monitored and used during

the process to adjust the process and afterwards form part of a quality assurance document. For

AM, online monitoring is preferred as CT scanning is often difficult and time-consuming and

adds to the cost. Table 2 shows a summary of online monitoring systems that are commercially

available for LPBF and laser processing.

Table 2: Summary of LPBF and laser weld process monitoring systems (Adapted from Spears

and Gold, 2016)

Company Module Name Method
Sensor suite (SENSORPAK™) still under
development (in 2016), but includes optical,
B6Sigma PrintRite3D® thermal, and spectral “off-the-shelf”

sensors. INSPECT™ software links process
data to quality metrics

Concept Laser

QM modules
(QMmeltpool,
QMlaser, QMpowder,
QM atmosphere)

Lagrangian camera and photodiode
monitoring of melt pool with 3D
visualization; laser power monitor; powder
bed imaging system; and build atmosphere
monitoring

EOS GmbH/
plasmo
Industrietechnik
GmbH

EOSTATE Meltpool
and EOSTATE
PowderBed

Lagrangian and Eulerian photodiode melt
pool monitoring; powder bed imaging
system

Laser Welding

Temperature, back reflection, plasma, and

Monitor PM 7000

Precitec Monitor CMOS camera monitors, for laser welding
Welding Monitor PD | CMOS camera for melt pool imaging; IR
Prometec 2000 and Plasma and UV photosensor for monitoring melt

pool emission

SLM Solutions

Quality Assurance
System modules

Lagrangian two-colour pyrometer for melt
pool monitoring; laser power and powder
bed monitors

Stratonics

Surface ThermaVis®

Two-wavelength imaging pyrometer
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Only a few commercial in-situ monitoring systems are available at present, as outlined in
Everton et al., 2016; Spears and Gold, 2016; Yadav et al., 2020, mainly in the form of imaging
devices and pyrometers. Cameras monitor the homogeneity of the selectively melted layer
and/or the powder layer deposited by the delivering system. Thermal cameras are used to
monitor the melt pool size and shape, temperature, and aim to measure the stability of the melt
pool. Variations in the characteristics of the melt pool are indicative of potential defect
formation or an unstable process which can lead to porosity formation. Thermal cameras are
also used to check local temperature hotspot generation, such as in sharp corners of parts, as
high temperatures lead to an irregular process with higher likelihood of porosity formation or
surface roughness. Despite the efforts in this domain and the availability of commercial tools,
the approach is still not optimized and limited success has been achieved. Some of the
drawbacks are the large data sets and the challenges in handling this data at high processing
speed. Yadav et al. (2020), in a review of online monitoring of AM concludes that online
monitoring for AM is still in its infancy. The conclusion is backed up when looking at the

growth of commercially available systems in 2016 (Table 2) compared to 2020 (Table 3).

Table 3: Commercial LPBF monitoring systems (Adapted from Yadav et al., 2020)

Module Name Developer Momto_red In-situ Sensing
Quantity
Melt pool (area Co-axial photodiodes (co-
QM meltpool 3D Concept Laser P ) axial camera also available
and intensity) . .
in research version)
EOSTATE MeltPool EOS Melt pool Co-axial and off-axial
Sensors
Thermal map
EOSTATE & EOS over the entire Off-axis camera
Exposure OT
powder bed
Melt Pool Monitoring SLM .
(MPM) system Solutions Melt pool Co-axial pyrometer
Layer Control System SLM o
(LCS) Solutions Powder bed Off-axial camera
InflAM Renishaw Melt pool Co-axial photodiodes
Truprint Monitoring Trumpf Melt pool Co-axial photpdlodes (beta
version)
Truprint Monitoring Trumpf Powder bed and Off-axial camera
part geometry
SISMA Powder bed Off-axial camera
. Different .
PrintRite3D B6 Sigma, monitoring Se'g of co-axial an_d off-
Inc. : axial sensors available
equipment
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Craeghs et al. (2011) showed how closed-loop control can be implemented during online
monitoring of LPBF using two different methods: engineering process control (EPC)
algorithms to control the scanning parameters in real-time, and/or using methods from
statistical process control (SPC) to detect ‘abnormal’ variations in the melt pool output, which

are caused by a disturbance, as shown in Figure 22.

BOUNDARY CONDITIONS

FPart geometry Machine
Material parameters
Forecast and )
INPUT classification Disturbances
Atmosphere
parameters OUTPUT
Deposition Melting _ Part
parameters process quality
Scanning
| parameters
EPC
SPC b
—

Figure 22: Proposed method for online monitoring of LPBF by Craeghs et al., (2011)

During LPBF, the melt pool glows and emits light corresponding to the temperature of the
melt. The emitted light follows the law of Planck. These different light intensities can then be
detected by a camera resulting in an image with different grey values which correspond to a
particular temperature. This high-speed imaging setup can result in large amounts of data, of
up to 75.1 GB of images every second. In contrast, recording with a 24bit microphone at
100 000 samples per second would result in 0.3MB/s. Berumen et al. (2010) proposes that the
solution is to use the measure the temperature directly through the scan head, as shown in
Figure 23. A semi-transparent mirror is used to measure the transmitted light from the laser

interaction zone with a camera and diode.
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Figure 23: Schematic of online melt pool monitoring (Berumen et al., 2010)
This setup reduces the size of the images. The diode is used to measure intensity while the
camera looks at the melt pool dimensions. This method is patented by Concept Laser along
with Katholieke Universiteit Leuven. They found that this reduced the data size to 636 MB per
second. When the powder layer is thick, conductivity is lower resulting in higher melt pool
temperatures. These higher temperatures are then measured by the photo diode, as shown in

Figure 24, where a part was built with increasing the thickness of the consecutive layers.

Voot B SRR ;
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—T . N AT am . - ; R
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Photodiode Mean [V]

2000
Layer index []

Figure 24:Cross-sectional view (top) and photo diode signal blue with standard deviation in red (bottom) (Berumen et al.,
2010)

Spatter can also give information about the LPBF process (Repossini et al., 2017; Ye et al.,
2019; Zhang et al., 2019a). Repossini et al. (2017) used an optical monitoring system to obtain
information from the spatter to characterize quality in LPBF. The experiment was done using
a Renishaw AM250 and 18Ni (300) maraging steel They showed that doubling the optimal
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scanning speed generates the same amount of spatter with comparable spread and smaller
average area, whereas decreasing scanning speed by 33% led to more spatter with greater
spread but with a smaller average area. It is reported that the bright area beyond the melt pool
indicates a hot spot or laser-heated zone (LHZ). This is shown in black in Figure 25. This area
increases with energy density. It is interesting to note that this approach can be coupled with

other methods and is useful for additional process information.

Spatter and LHZ centroids Spatter and LHZ centroids Spatter and LHZ centroids
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Figure 25: Superimposition of the centroid of every connected component classified as spatter (red) or laser-heated zone
(black) (Repossini et al.,2017)

2.3.4. Summary

For LPBF, the development of different technologies for quality controls and standards are
underway. The spatial and temporal resolution of in-process monitoring with feedback depends
on scanning parameters. LPBF is a rapid process that makes online monitoring and feedback
control extremely difficult. Not all forms of irregularities or instabilities are necessarily
detectable by cameras which provides a motivation for additional (possibly complimentary) in-

situ monitoring tools, such as AE.

2.4 Acoustic methods in non-destructive testing and monitoring
2.4.1. Introduction

Sound is a physical phenomenon which we can observe and study. Sound is a vibrating wave

that travels through a transmission medium (solid, liquid or gas). Four of the common sources
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of sound are: vibrating bodies, changing airflow, time-dependent heat sources and supersonic
flow. Noise is referred to as unwanted sound and depending on the situation. In general it can
come from various sources like the weather or more specific in this case machine components
(Rossing et al., 2001). To understand the application to this study, three main areas are
identified: sound physics, data acquisition and signal analysis. The physics of the sound, as the
name implies, entails the physical nature of sound. To acquire accurate data, equipment and
signal sampling need to be implemented correctly. Lastly, the signal would be analyzed using

mathematical operation, which is known as signal processing.

2.4.2 Theory of sound

Psychoacoustical terms such as “loudness perception” and “volume” should not be confused
with the actual physical amplitude of a sound wave. Apart from the psychoacoustical terms, in
literature there are often misconceptions about some of the terms used for sound measurement,
and it is also to be expected when looking at the different fields in which sound measurements
are used. Literature on sound measurement varies from do-it-yourself car audio books to music
recording to in-depth physics of sound particle motion. Sound measurement can be divided
into two quantities; sound energy - and sound field quantity. These can be seen as the cause

and effect. Sound pressure and sound power — effect and cause.

Each person will interprete sound differently. The human hearing varies in sensitivity to levels
of loudness at different frequencies, as shown in Figure 26. The apparent loudness level
perceived by the average human is defined by the phon. It can be seen that at a frequency of 1
kHz, the apparent loudness perceived is equal to the actual sound pressure level (SPL = Phon).
A great benefit of human hearing is that two ears greatly enhance 3D localization (stereo). For
physical measurements, sound pressure level (SPL) and intensity are of importance (Errede,
2017; Rossing et al., 2001; Sengpielaudio, 2019). These quantities are summarized in Table 4.
The sound pressure is a measure of the actual pressure in pascal (Pa) and sound intensity is a
measure of power (W/m?). The units of measuring sound are calculated in (dB), a bel is simply
a logarithmic ratio and the deci indicates that the unit is one tenth of one bel. The sound level
is always calculated with a ratio of the root mean square value to a reference value
(Sengpielaudio, 2019).
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Table 4: Sound quantities and relationship

Sound field guantities Sound energy quantities
Sound pressure(p) Pa Acoustic intensity(l) W/m?
Particle velocity(v) m/s Acoustic power W
Particle
. m Sound energy (W J
displacement gy (W)
Sound energy densit
qy y 3/m3
S (E)
Relationship I =~ p?
2 I
RM RMS
Level SPL = 10Logs, <p 52 ) dB SIL = 10Log,o (—) aB
pref IO
Reference value (0 _ _
( 2x107°Pa 102 W/m?
dB)
Inverse distance
1/r 1/r2
law
100 - T
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Figure 26: Band of human hearing (top) and apparent loudness for human hearing (bottom) (Rossing et al., 2001)

In a substance, particles oscillate without migrating, transferring energy to the adjacent
particles and so the wave travels through a material. Sound waves are generally transmitted via

longitudinal waves. The particles are only displaced in a local area, moving back and forth as
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they experience high and low pressure (compression and rarefaction) (Alton and Everest, 2009;
Hellier, 2012; NDT Resource Centre, 2020; Russell, 2019).

For an ideal gas, the speed of sound can be calculated by:

vy =+ YRT

where: vg is velocity of sound in gas; vy is the heat capacity ratio; R is the gas constant; T is the

absolute temperature.

It can be seen that for an ideal gas the speed of sound is independent of atmospheric pressure.
Velocity of sound is a measure of how fast energy can move through a material. Particle
velocity increases with the pressure of the sound. This makes sense because the rate of change
of a sine wave at a set frequency will increase with amplitude. (Alton and Everest, 2009;
Rossing et al., 2001).

Loss of sound energy can be due to absorption, beam spread, scatter, diffraction and
interference. The combined effect of scatter and absorption is known as attenuation. The

amplitude change of a decaying plane wave could be calculated by
A = Aoe_az

Where Ao is an amplitude at a location; A is an amplitude of the wave at a distance Z

away from Ao; o is an attenuation coefficient of the material.

It is very difficult to visualize how sound waves move in three dimensions. At best, one can
imagine one sound wave travelling from a single source emitting hemispherical waves, but as
soon as other sources and frequencies are present, complex interaction due superposition
occurs. Single sound sources, such as shown in Figure 27, can generate interesting directivity
patterns. The inverse square law and constructive/destructive interference of sound from

different sources can alter the recorded data (Alton and Everest, 2009; Rossing et al., 2001).

The shift in frequency and wavelength due to the Doppler effect given by:

Vg

fo=1s

Vg — Vs

Where: fp is a perceived frequency, fs is a frequency of source, vq is a velocity of sound in gas,

Vs IS a velocity of source.
The Doppler effect causes an increase in pitch when the source is moving towards the observer

and decreases when the source is moving away.
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When a sound wave travelling in medium encounters a boundary, the energy will be reflected
and some energy transmitted. The amount of each depends on the material properties and more

specifically the acoustic impedance (Z).

The acoustic impedance is dependent on the material density and velocity of sound, as shown
below:

Z=pXxXV

The ratio of the percentage reflected energy can be calculated by

Zy — Zz>2

Reflected energy = (Z 17
1T 42

Where: Z;1 is an acoustic impedance in medium 1; Z» is an acoustic impedance in medium 2.
The energy reflected between a steel-to-air interface is at ~100%, while a steel-to-water
interface is ~88% (Hellier, 2012).
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Figure 27: Sound fields of simple sources. Radiation from a monopole, e.g. boxed loudspeaker (top), Radiation from a
dipole, e.g. loudspeaker (middle), Radiation from a lateral quadrupole, two identical dipoles a distance apart with opposite
phase (bottom) (Russell, 2019)

Sound reflection can also be focused with curved surfaces. When a point source radiates sound
against a rigid surface, the reflections returning can be represented as an imaginary source
coming from beyond the surface. This imaginary source is referred to as an image, as shown

in Figure 28.
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Figure 28: Sound radiated from a point source and reflected by a rigid surface (Alton and Everest, 2009)

If there is more than one wall from which the sound can reflect, multiple reflections would be
created. For example, consider a source between parallel walls as shown in Figure 29: the
reflection from the left will reflect off the right wall creating a new image from the right-hand
side and continue to reflect on each side. The wall can be ignored and by using the images as

virtual source one can model the effects.

Wall L Wall R

Iiry Iyy, Iy, Source Ig Lir Ipir

L 1 L 1 1 1 1 1 1 1 1 L 1 1 1 1 1 1 1 1 1

50 45 40 35 30 25 20 15 10 5 O 5 10 15 20 25 30 35 40 45 50
Distance

Figure 29: Reflection between parallel walls creating multiple imaginary sources (Alton and Everest, 2009)

In a rectangular room, complex sound fields would exist due to the six reflection surfaces.
Surfaces can reflect sound in various ways. Plane sound waves will be dispersed through a
wide angle if they strike a convex surface. Similarly, plane sound waves can be focused using
a concave surface. A room will reflect at the corners, the sound will propagate back in the
direction of the source, as shown in Figure 30. This is known as a corner reflector. Therefore,

in most rooms the inverse square law no longer applies due to reflections and the location of

the measurement.

Source 2

/

Source 1

™
SR N

Source 3

Figure 30: Sound reflecting to the source from a corner reflector (Alton and Everest, 2009)
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A sound wave will bend/diffract when it meets an obstacle; like light it will bend around the

obstacle (Figure 31). The amount of bending is dependent on the wavelength.
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Figure 31: Diffraction (top) and refraction of sound waves (bottom). A traffic barrier (high frequencies with limited
diffraction (A) and low frequencies being observed by the listener due to the high angle of refraction of lower frequencies).
The change in direction of sound is due to the speed of sound that changes with hot and cool air. (Alton and Everest, 2009)

The average distance the sound travels between reflections; Mean Free Path (MFP) is given by
MFP = il
S

The time it takes for the reflections to die out is known as reverberation time. An estimation of
the time for the reflections in a room to be at a value of 60 dB below its original is given by the

Sabine equation

_ 5525V

Teo =

nga
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Where:

V is a volume of the space, vq = velocity of sound in gas; S is a surface area of

the space; The average absorption («) coefficient is then given by

Slafl + Szaz + b + Snan

a =
S

Where:

s, is the surface area of the wall and «, is the corresponding absorption

coefficient.

The inverse distance law shows the relationship between the level of sound and the distance

away from the source (Figure 32).

Figure 32: Sound propagating in a free field spreading out as the distance increases (Alton and Everest, 2009)

In a free field, sound travels in a straight line without disturbances such as reflections, etc. in
enclosed spaces. However, sound is subjected to reflections from surfaces which affect the way

in which the sound travels and the inverse square law does not describe the entire sound field.

The sound in the space will have a combination of direct and reflected sound (Figure 33 — note
the transition at the critical distance). The distance from the source can be divided into different
regions which define the direct and reverberant sound and the combination thereof. Very close
to the source, the sound intensity will be much stronger compared to the reflections. Beyond
the critical distance, the sound field will even out as a function of the surrounding and its

absorption.
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Figure 33: Axial, tangential, and oblique room modes (top). Enclosed sound field (bottom), (Alton and Everest, 2009).

The critical distance is calculated by

The sound pressure at a point in a closed space will vary not only due to direct and reflected
sound, but also modal resonance within the space. A standing wave will be generated in the
space as the wave travels back and forth between reflective surfaces. Resonance will also have
different modes depending on the size of the space and the frequency. The resonance will be a
combination of the axial, tangential and oblique modes. These resonances can be complex in
nature as many different interactions exist between surfaces, these are usually only considered
for frequencies below the crossover frequency, because above the crossover frequency mode

spacing is so small and the frequency response is much smoother.
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The modes can be calculated by the room mode calculation given by Rayleigh

v [p q T
Fnoae = 3 |2 + G2 + ()2
Where:
L, W, H = length, width, and height
p,q, r=integers0,1,2,3,...
v = speed of sound

Since we are considering a small chamber, the crossover can be calculated by the Schroeder

equation:

feross over = 2000

2.4.3 AE data acquisition and signal processing

Signal processing is a field which is ever evolving and the mathematical possibilities are
endless; therefore, this section barely scratches the surface, nevertheless, it will be useful to the
reader. Time-domain signals represent the amplitude of the signal at a point in time during
which it is sampled. In contrast, a signal can be expressed in terms of its individual frequency
components and is known as the frequency-domain. The algorithms used to transform a signal
from time to frequency domain are known as Discrete Fourier Transform (DFT), and an

algorithm designed to speed up the computational time is called Fast Fourier Transform (FFT).

Signals in time-domain contain N number of samples that are sampled at a specific rate of fs.

The sampling interval At can be calculated:

At =~
fs

Where fs is a sampling rate.
With a sample denoted by x[n], 0 < n < N — 1 the DFT is given by:
N-1
_ 2Tk
X = Z x[n] e N fork=0,1,2,..,N—1
n=0
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Since DFT and FFT are complex, they contain both amplitude and phase information. The
phase information is relative to the start of the signal. Because both the time and frequency
domain have N number of samples, the frequency resolution Af of the DFT is given by:

1
o= =
The power of each frequency in a signal can be determined by squaring the magnitude of
specific frequency |X[k]|? and the plot is called the power spectrum. This is useful in
applications were phase information is not necessary, for example, to calculate power in

harmonics of a signal.

According to the Nyquist theorem, the sampling rate(f;) should be at least double that of the
maximum frequency present in the signal. Under-sampling will make the signal appear to be
at a lower frequency; this phenomenon is known as aliasing. The effect of aliasing is shown in
Figure 34 below.

Adequaltely sampled signal

AT TN

Aliased signal due to undersampling

Figure 34: Effect of sampling rate on signal (Cerna and Harvey, 2000)

To prevent aliasing before measurement, an antialiasing filter can be used. An antialiasing filter
will make all frequencies above the Nyquist smaller depending on the frequency response of
the filter, i.e. bandwidth (frequency range) and attenuation of each frequency.

Signal-to-noise ratio (SNR) refers to the ratio between the signal and the power and can be

described by:

average signal power S
; = — = SNRpower
average noise power N

SNR can be defined in several different ways. The SNR ratio in terms of voltage is proportional

to the square root of the power and is given by:
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Vims Signal
SNR;p = 20 log ——
5 °9 Vms noise

An analysis method for AE could be a Short Time Fourier Transform (STFT). STFT is used to
obtain time-frequency analysis of data signals. STFT calculates the energy distribution in the
joint time-frequency domain. STFT is accomplished by calculating the Fast Fourier Transform
(FFT) of the signal in a sliding window. This window is moved across the signal to give a
representation of the frequency content at that specific portion in time (National Instruments
Corporation, 2012; Cerna and Harvey, 2000; Ecole Polytechnique Fédérale de Lausanne,
2018).

2.4.4 Online monitoring by AE in material processing

Online monitoring using AE is a versatile method as it can be developed and applied in various
forms for each specific need. AE can be divided into gas- and structure-borne emission
originating from the stress waves induced by changes in the internal structure of the part being
processed. Various methods have been developed for specific applications and it is no different
for the AM industry. For structure-borne AE, the contact installation of transducers is
necessary, whereas with air-borne emission inspection it is quite difficult to isolate noise to
acquire a useful signal (Shao and Yan, 2005). For structural monitoring, qualitative types of
AE signals are burst (discrete) and continuous. “Burst” signals are especially useful for
detection of delamination and crack initiation under deformation. Acoustic signals from
diffusive phase transformations or coalescence of microcracks can be classified as continuous
signals (Lu and Wong, 2018; Kuba abd Aken, 2013; Shi et.al., 1999). AE in materials that
undergo deformations and fractures depends on physical properties of material as well as
environmental factors (Al-Obaidi et al. 2012; Muravin, 2009).

The environment and type of machinery being used can influence the results and determine the
method used to record data. The method is especially important with respect to other sources
of acoustic noise. Yusof et al. (2017) investigated the feasibility of using acoustic monitoring
of pulse-mode laser welding to indicate the depth-of-penetration. One of the conclusions drawn
is that post-processing is needed to eliminate the influence of noise. Horvat et al. (2011)
proposed a new algorithm that eliminates reverberation and background noise during AE
monitoring of gas metal arc welding (GMAW). Similarly, Alfaro and Cayo (2012) showed that
the quality of online AE monitoring was affected more by environmental conditions when

compared to online infrared monitoring during GMAW. Thus, factors like the effect of sound
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reflections, machine environment, noise and the location of the recording device need to be

considered as a basis of qualification.

AE has been used with great success in laser welding and cutting (Clough, 1987; Duley and
Mao, 1994; Gu and Duley, 1994; Gu and Duley, 1999; Li and Steen, 1992; Nakamura et al.,
2000; Ortega et al., 2015; Schiry et al., 2016; Stepanova et al., 2019; Yusof et al., 2017).

For quality control of the ever-growing laser technology implemented in industrial
applications, Mao et al. (1993) suggest the use of AE as it has high signal-to-noise ratio, fast
response, and no contact is needed. It was shown that the acoustic spectrum of conduction
welding is different to that of keyhole welding and there is strong correlation between AE
energy signal and laser power, welding speed and focusing distance (laser spot size). This study
aimed at using a microphone, i.e. gas-borne AE, compared to others which used an ultrasonic
transducer (Figure 35). A photo diode was used to compare the optical data. The data was then
processed using real time FFT (Mao et al., 1993).
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Figure 35: Schematic of AE monitoring system during laser welding, Mao et al. (1993)

Although clear differences were shown in the AE results of Mao et al. (1993), tests were carried
out inconsistently by changing too many process parameters at once, thereby making it difficult
to make good comparisons. One test which is comparable did show a clear difference between
different welding regimes; a 2 mm aluminium plate welded at different laser powers produced
conduction and keyhole regimes. In the AE data shown in Figure 36, a clear peak at 7 kHz is
observed during keyhole mode compared to conduction-mode welding. It was concluded that

differences were due to the presence of fluctuations in plasma.
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Figure 36: AE spectrum in CO2 laser welding of aluminium at 1 kW at 1 524 mm/s causing conduction mode (left) and AE
spectrum at 1.6 kW at 1 524 mm/s causing keyhole mode (right) (Mao et al., 1993)

Leaks and frictions, i.e. interactions of media in relative motion, chemical reactions and
changes of size of magnetic domains also generate acoustic waves and create other classes of
AE signals that can be studied for quality control of tooling and manufacturing. Charde et al.
(2016) interpreted weld formation using AE from carbon and stainless steel welds using servo-
based resistance spot welding. Typical acoustic behaviour was found for amplitude of
frequencies and corresponding phase shifts for “ideal” and expulsion welding conditions. It
was found that different AE patterns were used to distinguish the behaviour of ideal and fault
welding processes that were qualified using macrographs. Similar results were received for
laser welding of Al and polyamide sheets by Schiry et al. (2016). A rough joint was a result of
excessive energy input. Gas bubbles provoked creation of the gas channels registered by hits-
time from AE monitoring during the process. Higher hits in the area of the gas channels
correlated with the appearance of the holes in welding. With decreased energy input, a weak
joint with low tensile strength was created and the corresponding AE signal was irregular
showing wide scatter. Also, it was shown that the distance from the weld spot to the sensor has

a strong influence on the signal strength.

Air-coupled ultrasound is a non-contact inspection method that transmits ultrasonic waves
through the air and into the part being inspected. It is commonly used for composite materials
because for steel low acoustic impedance and weak transmission between steel-air barrier make
it difficult to transmit the waves. With technology development air-coupled ultrasound is
becoming more popular in steel industries such as welding. Abbasi et al. (2018) used air-
coupled ultrasound to correlate various GMAW defects and microstructures to the ultrasonic
features. A study by Luo et al. (2019) investigated the effect of the plasma plume during pulsed-
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laser welding on the structure-borne AE. The YAG (4.5kw, 1 060 nm and 6 ms pulse width)
laser was defocused to produce different plasma plumes. The AE of these different plumes
were compared and shown to have valuable information. They showed that each pulse has a
certain AE development corresponding to the plasma plume, as shown in Figure 37a, and high-
speed images of the plume during different times of the pulse are compared in Figure 37b. This

difference in amplitude was due to increased laser absorption.
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Figure 37: Relationship between plasma and the structure-borne AE of 6 ms pulsed laser. RMS and actual signal (A) and
development of plume during the pulse (B) (Luo et al., 2019)

This evolution of the AE signal over time (Figure 37) gives rise to many concerns during AE
monitoring as the LPBF process consists of consecutive single tracks which starts and stops
according to the laser modulation. The start-stop nature can cause unwanted resonances to
appear in the frequency measurements.

In laser welding, AE arises in response to oscillations in the keyhole and to the expansion of
vapour as it leaves the keyhole. The frequency may include components as high as several
hundred kHz (Li and Steen, 1992; Gu and Duley, 1999) because resonances within the keyhole
work in the same way as an organ pipe. It was found that the frequency response is correlated
with the welding quality, i.e. keyhole formation, plasma formation, and crack propagation.
Laser ablation and AE of the plasmas were studied by Planco and Laserna, (2003) where it was
shown that spectral analysis of acoustic waves is a reliable technique for diagnosing the laser
plasma phenomena. The sound level during laser welding has not been shown to be a strong

predictor of weld quality when compared to the spectral information (Spears and Gold, 2016).

An in-process non-contact method for quality control can be realized using AE as it is seen to
have high signal-to-noise ratio and fast response. This non-contact method can be used for

quality control of the ever-growing laser technology implemented in industrial applications.
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2.4.5 Acoustic emission in AM

AE was mentioned in reviews of non-destructive and in-situ monitoring methods for AM (Lu
and Wong, 2018, Lu and Wong, 2017; Wu et al., 2016, Wu et al., 2019). AE signatures as a
function of various process parameters during metal AM were studied by Fisher et al., 2016;
Gaja and Liou, 2017; Koester et al., 2018; Taheri et al., 2019; Wasmer et al., 2018. Fisher et
al., (2016) showed measurable and repeatable differences in the acoustic signatures of the
LPBF process as a function of laser power. Wasmer et al. (2018) found correlation of AE data
from a fibre Bragg grating acoustic sensor and porosity of samples manufactured at different
scanning speeds. Gaja and Liou (2017), Koester et al. (2018) and Taheri et al. (2019) recorded
AE signals during a laser deposition process and found correlation between AE events, various
process conditions and defects. AE has also been applied with success to the crack monitoring
in fatigue tests of additively manufactured titanium which also illustrates the sensitivity to
crack detection by the technique (Strantza et al., 2017). A non-contact acoustic in-situ
monitoring method for AM was recently patented by General Electric (Gold and Spears, 2018;
Redding et al., 2017) and Renishaw (Hall, 2016). In Redding et al., 2017, the AE acoustic
sensors may be arranged to detect acoustic signal previously received from a reference defect-
free part (confirmed by other methods) and then compared to real-time data of the printed part.
It is alleged that sudden deviations in the amplitude of acoustic signals indicated a fault in the
process.

AE holds promise as a simple, low-cost process monitoring tool, however, AE in-situ
monitoring devices are not yet commercially available for AM. In an LPBF process, a simple
microphone was used to monitor the process signature (Ye et al., 2017). Machine-learning
methods were employed to find process signals correlating to irregular track formation and
porosity formation, due to balling and overheating, and showed great promise for the method
(Williams et al. 2018; Ye et al., 2018). Under less severe conditions with smaller porosities, a
similar approach was recently found to be successful, though using a more specialized
microphone (fibre Bragg grating) (Shevchik et al., 2018; Wasmer et al., 2018, Wasmer et al.,
2019). A similar concept is under development and preliminary results were reported in
Eschner et al., 2018. The above methods combine machine learning with AE, with the aim to
find irregular process signatures and potentially correct these, for example, by inducing a full
remelting of a layer with defects. Recently the method was used to identify crystallographic
textures, initially in an offline scenario, but potentially also deployable for in-situ process
monitoring (Dryburgh et al., 2019). The detection of artificial cavities of only 0.2 mm in size
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has recently been demonstrated using laser-induced phased arrays, although the response is not

equal throughout the volume (Pieris et al., 2020).

Another structure-borne AE study by Lawrence Livermore National Laboratory showed that a
notable difference could be obtained from the acoustic signatures of varying laser powers. They
used an experimental test bed to carry out experiments. Two different sets of laser power were
chosen, 150 W and 600 W, with a 50 um powder layer of steel powder (ASME318) and a
scanning speed of 250 mm/s, 50 of 12 mm tracks were produced at each laser power with a
hatching distance of 200 um. A 10 MHz sensor was placed on the bottom of the test bed, i.e.
structure-borne AE was measured. It was found that there was a clear shift and missing peaks
in spectral analysis at different laser powers, as shown in Figure 38. Authors have shown that
the quality of AE results is dependent on noise and found these results were repeatable (Fisher
et al., 2016).

Optical Power 150 Watts

Spectral peaks shifted Optical Power 600 Watts

l_‘_\
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Figure 38: UT acoustic spectra of two different layers during LPBF of ASME 318 steel at different laser powers (bottom)
and their microscopic images of the top views (a) 600 W and (b) 150 W (Fisher et al., 2016)
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Ultrasonic monitoring was also investigated in terms of an online monitoring system for metal
AM. Rieder et al. (2014) specifically set out to investigate the use of UT monitoring as an
additional information source to the already available optical monitoring system. An ultrasonic
transducer was fitted at the bottom of the substrate, as shown in Figure 39. An unfocused 10

MHz ultrasonic probe was glued to the building platform.

Figure 39: Ultrasonic probe installation in an EOS M270 machine build platform (Rieder et al., 2014)

Their system allowed for a temporal resolution of 4 ns. A scan plot after each layer gave a
back-wall echo (BE) representing the top surface of the component. The interference echo (IE)

is due to the signal travelling from the base plate to the substrate, as shown in Figure 40.

Figure 40: Interference echo and back-wall echo used for build height UT monitoring (Rieder et al., 2014)

Rieder et al. (2014) concludes that many possibilities are feasible and that more investigations
need to be carried out. Possible identifications that could be identified using UT monitoring
include surface dynamics, qualitative residual stress evaluation and porosity identification. It
is also noted that these results hold true for non-complex geometries.
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Slotwinski et al. (2014) investigated the possibility of creating a UT sensor for in-situ
monitoring of porosity formation during LPBF of cobalt-chrome (CoCr) with the hope that this
would possibly lead to process validation and real-time adjustments to the parameters. An
ultrasonic transducer was situated within the substrate facing upwards. Ultrasonic pulse-echo
technique was applied to measure the speed of sound within the material. The speed should
vary with a change in porosity within the material. The results showed a linear correlation
between the percentage porosity (measured using X-ray CT) and the wave speed, as seen in
Figure 41. Although the speed of sound shows correlation with the porosity, at low porosity
values there seems to be no definite correlation and the higher values are so high that the part
would have been building a part with porosity for more than a few layers, therefore, it cannot

really be consider an online monitoring system.

For other AM technologies, Wu et al. (2016) applied AE to fused deposition modelling (FDM)
for online monitoring; an AE sensor was placed on the filament extruder. The relationship
between the sound emitted at certain machine operating conditions enables recognition of five
different extruder operating conditions. In a similar application, Whiting et al. (2018) studied
the application of AE during laser-engineered net shaping (LENS) as a process monitoring

system in which the powder flow through the nozzle was measured with AE (Figure 42).
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Figure 41: Porosity vs. wave speed (Slotwinski et al., 2014)

55

© Central University of Technology, Free State



AE Sensor

Powder Line l_\

F Sensor Mount

Deposition Head

Power

Feeder

Powder Reservoirs

Scale ‘

——————— Computer

Figure 42: AE system for powder flow rate measurements during LENS (Whiting et al., 2018)
2.4.6 Summary

Online monitoring is the focus of many research institutions as the need from industry has been
put forward. Research shows that AE can be a promising tool for online monitoring as the
frequency and amplitude change at different AM process parameters. In contrast to the use of
digital signal processing, the implementation of AE with machine learning has lately been
receiving much interest. Many different AE approaches and sensor types have been
implemented in AM. When considering the spatial and temporal resolution of imaging
monitoring methods compared to AE: AE can obtain a high temporal resolution with relatively
inexpensive data acquisition hardware. Imaging systems have high spatial resolution and
depending on the optical setup can typically be in the range of 100 um, whereas the spatial
resolution in gas-borne AE is non-existent for a single microphone setup. A more complex
setup known as a microphone array can be used to pinpoint the origin of the sound based on
difference in time-of-flight. It is shown that AE monitoring during LPBF is able detect residual
stress, cracks, porosity, changes in laser power and scanning speed. Although research has
shown that a microphone can be used for online monitoring during laser welding, the use of a
microphone to monitor LPBF has many possibilities. Some possible features of gas borne AE

that can be taken advantage of are:

e the sensor does not need to be attached to the substrate;
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the sensor is not very sensitive to position;

it can record other events such as recoating and gas flow;

it needs minimal hardware adjustments and easy installation;

it is inexpensive equipment;

it has good temporal resolution (compared to imaging devices);

it has a small data size.

Since many LPBF defects originate from powder delivery issues, this work will set out to

determine whether there is a probability of detection using gas borne AE monitoring.

57

© Central University of Technology, Free State



[ Contral University of
Technology, Free Sate:

Chapter 3: MATERIALS AND METHODS

Firstly, preliminary tests investigating the critical powder layer thickness which causes lack-
of-fusion porosity in 3D LPBF parts were conducted. Secondly, AE signals under different
layer thicknesses and laser powers were studied for single track formation. Lastly, two methods
were explored for defect recognition. The final algorithm can accurately identify three different
powder layer thicknesses: no powder, reference (optimal) powder layer thickness and critical

(thick) powder layer thickness.

3.1 EOSINT M280

All samples were manufactured from Ti6AlI4V (ELI) powder using an EOSINT M280 LPBF
machine (Figure 43). The M280 system’s specification is shown in (Table 5).

Figure 43: EOSINT M280 machine

Table 5: The technical data for LPBF machine

Building volume 250 mm x 250 mm x 325 mm

Laser type Yb-fibre laser, 400 W

Laser 1 075 nm TEMOO Gaussian profile and 80 um spot size
Precision optics F-theta-lens, high-speed scanner

Scan speed up to 7.0 m/s

Variable focus diameter 80-500 pm

Power supply 32A

Power consumption maximum 8.5 kW/typical 3.2 kW

Software EOS RP Tools; EOSTATE Magics RP (Materialise)
CAD interface STL. Optional: converter for all standard formats
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3.2 Powder

Experiments were carried out on a Ti6Al4V extra-low interstitials (ELI) substrate in Ar
protective atmosphere. Pre-alloyed gas-atomized powder Ti6Al4V ELI from TLS Technik
GmbH & Co. Spezialpulver KG (Germany) was used. The equivalent diameters of the powder
particles were d10 = 12.03 pm, d50 = 21.38 pum and d90 = 31.15 um. Values of d10, d50, and
d50 correspond to the 10%, 50%, and 90% of particles (weighted by volume) in the reported
particle size. For the preliminary data for layer recognition, experiments were run parallel with
other experiments that were aimed at obtaining an insight into the development of the single
track and layer formation of in-situ alloying of Ti6Al4V-5 at .% Cu during LPBF. The Ti6Al4V
(ELI) and Cu powders were spherical in shape and argon-atomized. Chemical composition of
Ti6Al4V (ELI) was 89.26 wt% of Ti, 6.31 wt% of Al, 4.09 wt% of V, 0.12% of O, and Cu
powder with 99.9 % purity. The 10th, 50th and 90th percentiles of equivalent diameter
(weighted by volume) were 12.6 pum, 22.9 um, 37.0 um for Ti6Al4V (ELI) powder and 9.45
pm, 21.9 um and 37.5 um for Cu powder, respectively. The building chamber was filled with
an inert (argon) atmosphere.

3.3 Laboratory equipment
3.3.1 Visual testing

Surface and cross-section analysis was done using a scanning electron microscope (SEM) and
optical microscopes. Optical and SEM tests provide detailed, in-depth visual analyses of
components. SEM was carried out with a NeoScope JCM 5000 (Figure 44), operated at 10—
15 kV. The optical microscopes used were a Smartzoom 5 and a Scope Al, both from Zeiss.

mS

Smart:

Figure 44: SmartZoom5 (a) and Scope Al (b) optical microscopes; NeoScope JCM 5000 scanning electron microscope (c)
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For pore analysis and analysis of the cavities’ sizes and shapes, samples were cut with an
electrical discharge machine (EDM). The small templates were incorporated into MultiFast
resin by CitoPress (Figure 45a). Samples were polished with a Tegramine-25 system (Figure
45D), as recommended by Taylor & Weidmann (2009), and etched with Kroll’s reagent.

(a) (b)
Figure 45: CitoPress 1 (a) and polishing machine Tegramin-25 (b)
3.3.2 Microcomputed tomography

General Electric phoenix v|tome|x L240/NF180

X-ray microcomputed tomography (microCT) was used in this study (Figure 46). A General
Electric phoenix v|tome[x L240/NF180 installed in the Central Analytical Facility at

Stellenbosch University was used.

Figure 46: Phoenix v|tome|x L 240 X-ray CT scanner (top) (GE Oil & Gas, 2020) and personal photo (bottom)

X-ray settings were 150 kV and 150 pA with 2 000 images acquired in a full rotation at an
image acquisition time of 500 ms per image, with averaging set to two images and one image
skip per rotation. Detector shift was activated to minimize ring artefacts. Background

calibration was performed, and the scan time was approximately 40 minutes per scan at 40 um
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voxel size. A 1 mm copper beam filter was used. Analysis was performed with Volume
Graphics VGStudio Max 2.1.

3.4 AE data acquisition

AE signal analysis was performed by post-processing, compiled and implemented using

systems engineering software LabView (National Instruments) and its signal processing

algorithms library.
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Figure 47: Schematic of experimental setup (a) and building chamber view showing the location of the microphone and

cameras. Laser scanning direction and Ar flow were in Y direction for single tracks and layers

The sound propagating through the surrounding protective atmosphere was recorded and

analyzed after the LPBF process. The data was recorded using NI CompactRIO-9030

Controller and a 24-bit measurement module: NI 9250, specifically designed for recording

signals from microphones (Figure 47). An integrated circuit piezoelectric (ICP) microphone
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(Model 378B02, see appendix for calibration certificate) was installed at an angle of 20° to the
vertical and 240 mm above the edge of the building platform and used to record the AE signal
(Figure 48). The 378B02 microphone (PCB Piezotronics) has an optimal frequency range of
3.75-20 000 Hz (x2dB). According to the Nyquist criterion, the sampling frequency for Fast
Fourier Transform (FFT)-based measurements is required to be at least twice the maximum
frequency component in the signal. In the present investigations, AE data for each test was
acquired at a sampling frequency of 102.4 kHz, i.e. ~5 times higher than the maximum

measured frequency of 20 kHz.

Figure 48: NI CompactR10-9030 Controller, NI 9250 sound module and PCB 378BO2 microphone.

3.5 Design of experiments
3.5.1 Validation of microphone placement in the building chamber

The effects of the environment, noise, location of the sensor, etc. need to be considered before
taking measurements (Alfaro and Cayo, 2012; Horvat et al., 2011; Yusof et al., 2017). Factors
can change for various reasons, for example, absorption of a material is a function of the
frequency, i.e. different frequencies from the process will be reflected and absorbed at different

rates within the machine.

Microphone placement was the only test carried out using maraging steel. Maraging steel MS1
from EQS, with the chemical composition being Ni 17.6%, Co 8.88%, Mo 4.85, Ti 1.06%, was
used. From literature it can be seen that a change can be expected in acoustic signature between
MS1 and Ti6Al4V due to different process parameters that are used. This section only
considers the effects of the experimental setup which stays constant irrespective of the material
being used. Powder layer thickness was 50 pum. The building chamber was filled with nitrogen
atmosphere. Single tracks, 200 mm in length, were scanned at a laser power of 305 W with a
scanning speed of 1.01 m/s.
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To determine if AE differs with respect to the distance from the microphone, the microphone
was fixed above the substrate and the laser scanned at five different positions 40 mm apart.
Each set contained three tracks. Tracks were scanned consecutively from Position 1; Track 1
(P1; T1) on the right, to the left end at Position 5; Track 3 (P5; T3) (Figure 49).

20°

J_ﬁ\
Microphone
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//// |
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240

Single

Track\ / 1

Substrate

Figure 49: Correctional view of system layout.

In Figure 49, the distance from the microphone edge to the midpoint of each position is
indicated and their corresponding values are shown in Table 6.

Table 6: Distance from microphone to different scanning position

D1 D2 D3 D4 D5

Distance
240 243.31 | 252.982 | 268.328 | 288.444
(mm)

According to the microphone polar plot (Figure 50), any sound entering the microphone at an
angle greater then 20 degrees will influnce the measurement. The angle of the microphone at

different scanning positions is shown in Table 7.
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Figure 50: Microphone polar plot, frequency in Hz at 10-degree increments (377B02; SN167925)

Therefore, the microphone angle should be < 20 degrees to make accurate comparisons. The

angle between the microphone and the centre of the five positions can be calculated by;
-0
Where:

x= horizontal distance

h= height

6= angle of microphone

Table 7: Angle between microphone at different scanning positions

P1 P2 P3 P4 P5

Angle
-20 -10.54 | -1.57 6.57 13.69
(degrees)

Each individual scan track was extracted from the total data scan to ease analysis. The average
sound pressure at individual scans was calculated. Thereafter, the frequencies at each position
were analyzed to determine whether certain positions might amplify or absorb some
frequencies due to their position in the system. The individual frequency content was analyzed

64

© Central University of Technology, Free State



using power spectrum and correlated with one another. Since all the process parameters are
physically the same with the only difference being distance from sensor, good correlation
results would indicate the optimal sensor placement (>0.99, results are shown in section 4.2,

Table 12). Microphone placement was the same for all experiments.

3.5.2. Critical powder layer thickness pores

It is important to estimate the critical thickness of the powder layer where irregular track
formation and hence, porosity in 3D objects initiate. This was investigated by manufacturing
3D samples with intentionally designed horizontal cavities where the laser beam does not melt
areas of between 30 to 300 um in height. In this way, the critical layer thickness for porosity
formation can be evaluated. In order to evaluate the porosity quantitatively, samples were
micro-CT scanned and cross-sectioned. After determining critical layer thickness, single tracks
were investigated. As the basic building blocks of the LPBF process, single tracks were

manufactured at different process parameters and with different layer thicknesses.

A test sample with artificial rectangular cavities was designed to find at what critical powder
layer thickness pores start to form. The thickness of the designed cavities varied from one to
six times that of a single powder layer (30 pum to 180 um), as shown in Figure 51. Each step is
1 mm in height and 5 mm in width and length. The resulting porosity found by CT scans and
cross-sections, as shown in section 4.1, in each of these cases in the final part aim to

demonstrate what the critical layer thickness is for optimal process parameters.

Prescribed height of the pore:

180 pm

150 pm
G 120 pm

v F 90 um
——— E 60 um
D 30 um
C

B Solid
‘——\A—\

6 layers skipped 5 layers skipped 4 layers skipped 3 layers skipped 2 layers skipped 1 layer skipped without pore

Building direction —

Figure 51: Test sample: solid part (A) and parts with prescribed internal cavities of 30-180 um (1-6 powder layers skipped)
(B-G)
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3.5.3 Experiments with single tracks at different process parameters

Various papers on the use of AE and machine learning for online monitoring are available,
however, none really investigating the effect of the AE under different circumstances. This
section establishes some fundamental basis of how variables might change the AE. This

information can then be used later for development.

To establish a correlation between the sound pressure level (SPL), the frequency spectrum of
the sound and the shape of the single tracks, a series of experiments were performed. Firstly,
two tracks per set, 48 mm in length, were manufactured on a substrate without powder and
with different thicknesses of the powder layer (30, 60, 120, 150 and 300 um) at a laser power
of 170 W and scanning speed of 1.2 m/s, which is optimal for 30 um layer thickness
(Yadroitsava et al., 2015). The signals from each set of tracks were split into four parts, and

average values of eight signals were analyzed.

Secondly, to study the effect of laser power, single tracks (two tracks in each set) were produced
on a substrate without powder at 100 W, 170 W and 340 W at fixed scanning speed of 1.2 m/s.

Thirdly, to evaluate the effect of different laser operating modes, laser power was varied at
between 100 W, 170 W and 340 W and this time the scanning speed was constant at - 0.6 m/s.
This resulted in two tracks positioned 40 mm apart for each layer and set of process parameters.
Two tracks were sintered without powder, then a powder layer was delivered, and the laser
scanned two tracks next to the previous tracks (1 mm apart). This procedure was repeated for
the corresponding layers.

Each track’s corresponding sound waveform was extracted from the recording and analyzed
with Fast Fourier Transform (FFT) and the sound pressure level (SPL) calculated as shown in
the results, section 4.3. For optical microscopy, top and cross-sectional images were obtained.
The data was used to correlate the track morphology to the frequency spectrum for the specific
layer thickness.

3.6 Layer thickness recognition algorithms

After considering the critical layer thickness and understanding the relationship between the
AE and process variables, the following section investigates possible ways in which the LPBF
process can be monitored online, although these results were obtained using recordings. It was
shown that rapid heating by laser beam, melting, solidification and cooling of powder and

substrate materials generate temperature gradients in gaseous medium, and in turn, gas pressure
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changes. Pressure gradients lead to the generation of the acoustic waves and create a “voice of
the process”. The emission of acoustic vibrations in the protective Ar atmosphere is registered
by the microphone. From a mathematical point of view, analysis of the AE signal during
processing is based on a pattern recognition problem. For this section only, layer thickness
recognition will be variable. Two methods were proposed: the first method that was
investigated was as a preliminary proof of concept. The second method only considered the

audible range (0—20kHz), and being superior to the first with a greater statistical significance.

Layer thickness recognition algorithm 1

These research experiments were run parallel with other experiments that were aimed at
obtaining an insight into the development of the single-track and layer formation of in-situ
alloying of Ti6Al4V-5 at % Cu during LPBF. To determine the effect of powder thickness on
AE during laser scanning, single tracks with a length of 20 mm were manufactured. Three
tracks were produced at two different layer thicknesses: one layer (30 um) and five layers. Two
tracks from each layer thickness were used to create the models. The third track of each sample
that was not used in the generation of these models was then evaluated against the models to
see whether the model could predict from which layer the track was produced. Laser parameters
were constant at 170 W and 1.2 m/s. Data was then analyzed by making use of an FFT. The

proposed method is described in section 4.4.1

Layer thickness recognition algorithm 2

To investigate the repeatability of the AE signals, three sets of ten tracks, each 90 mm
in length, were produced at 170 W and 1.2 m/s scanning speed. Tracks for the reference layer
thickness of 30 um, tracks without any powder and tracks with a 120 um thick layer were
produced. This series of experiments simulates extreme scenarios of non-homogeneous powder
layer thickness in LPBF. From the preliminary test, a critical powder layer thickness (120 pm)
was chosen to trigger the balling effect that is known to provoke porosity in 3D-printed LPBF
parts. Single layers of 10 mm x 10 mm were produced at the same laser parameters with a one-
directional scanning strategy and 100 um hatch distance.

To identify the model required for the identification of irregular morphology of tracks
through AE, the recorded data was also processed using STFT. To obtain an initial general
conception of the sound emitted during the LPBF process, STFT was selected as it is relatively
easy to implement and interpret. An STFT spectrogram of ten tracks for each set was done

without powder (0), one layer (1, reference 30 um layer) and critical (thick 120 um layer)
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powder thickness. To create the models, ten tracks for each layer thickness were used. These
ten tracks were then split into two groups. One group was used to build the model and another
group for testing. The model was built using the first six tracks. The remaining four tracks were
each tested against the models.

The steps in the forming of the algorithm are:

e Apply a 2 kHz high-pass filter to remove the noise from the signal
e Calculate the frequency domain and identify the frequency content of each layer

thickness

e Use the identified frequency content and create a model that could recognize a deviation

The aim of the model is to make use of the identified frequency content to determine regimes
of "balling-humping"-forming phenomena, scanning without powder or on a thick layer of

powder that can cause lack-of-fusion defects in parts manufactured by LPBF.
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Chapter 4: RESULTS AND DISCUSSION

4.1. Powder layer thickness and pore formation in 3D samples

The height of the rectangular cavities in 3D samples were designed in the range of 30-180 pum.
Up to 180 um (six skipped powder layers), an open cavity was not produced as expected, and
the designed rectangular pore had the appearance of a chain of irregular pores, as observed in
CT scans (du Plessis et al., 2016) and physical cross-sections (Figure 52). The cross-section of
the sample showed that the internal cavities had irregular shapes and pronounced lack-of-fusion
defects which only started at 120 pum thickness of the powder layer (samples E-G), Figure 52.
In samples with defects designed at 30, 60 and 90 um in height, only random small pores with
sizes less than 50 um were found. Thus, at the selected laser power and scanning speed, a layer
thickness designed at and above 120 um led to a chain of pores, or lack-of-fusion porosity
samples E-G in Figure 52.

The shape of single tracks at different powder layer thicknesses, at similar laser power and
scanning speed, was analyzed further in section 4.3. The progression of increasing track

irregularity with increasing powder thickness is clear, up to balling effect at high thickness.

Surfaces and size resolution for fine structures remain a limitation in LPBF, even after applying
special scanning strategies. CT in combination with physical sectioning has proved to be a
powerful analysis combination. Critical layer thickness for porosity in LPBF samples is
120 pum. Powder inside pores and component mass (due to removal from substrate) remains a
concern for LPBF components. Establishing the limitations of AE, i.e. minimum size and the

typical defects, will assist as a quality control method for LPBF components.
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Figure 52: Images from optical microscope of cross-sections of the 3D test sample with designed internal cavities of 30—
180 um (a) and pore volumes from CT reconstruction (b) and transparent image with pores (c)

4.2. Validation of microphone placement for AE processing during metal LPBF

Factors like the effect of sound reflections, machine environment, noise and the location of the
recording device need to be considered as a basis of qualification. This section shows the
analysis of the results of AE sensor placement as sampled in the actual metal LPBF machine.
These results include all the environmental factors as well. The tracks were visually analyzed
and no major irregularities were present. A section of the tracks at Position 1 is shown in Figure
53.
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Figure 53: Track 1 to 3 of Position 1 on maraging steel tracks on the substrate at 305 W laser power and scanning speed of
1.1 m/s at 50 pm powder layer thickness

The entire signal of the process, from start to finish, is shown in Figure 54. Here it can be seen
that the EOSINT M280 has various processes that emit sound, but no clear scanning is shown
until the filtering and processing is applied. When listening to the recording, one can hear two
distinct sounds of valves opening/closing at ~6 and ~17 seconds, thereafter the sound of a
blower starting at ~25 seconds and ending with a laser scanning at ~52 seconds. A high-pass
filter was used to remove the low-frequency noise from the blower and ambient noise. It was
found that by applying the 2 kHz high-pass filter, the tracks were clearly distinguishable in the
time domain. The scanning time of each track is equal to the time that it would take to scan a

track 200 mm in length at a speed of 1.1 m/s, as shown in the bottom of Figure 54.
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Figure 54: Graph of entire process recording over time in seconds (top right), signal of first three tracks before filtering
referenced from zero (top left) and after applying signal filtering (bottom) (note the amplitude of the actual scanning)

After the tracks were identified, some calculations were carried out to determine what the effect

of the machine and scanning position were. The individual RMS value sound pressure level
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(SPL) showed no large variations in relation to the distance from the microphone. Variations
could be attributed to slight differences in powder layer thickness over the platform. Table 10
shows the SPL of scanning at each position. The maximum fluctuations in sound pressure
during the process were calculated by taking the maximum and minimum value of Track 1, 2
and 3, as shown in Table 8 and Table 9.

Table 8: SPL at each position (dB)

P1 P2 P3 P4 P5
Average 83.25 83.12 83.17 82.85 83.39
Standard deviation 0.657 0.351 0.760 0.472 0.198

The maximum expected difference due to the distance to scanning is given by
d
ASPL = 20log i
dp1

0.288

ASPL = 20log 024

ASPL = 1.579dB

Table 9: Maximum and minimum SPL value and corresponding SPL difference

Track Max Min A SPL
T1 83.52 82.35 1.17
T2 84.01 83.29 0.72
T3 83.59 82.50 1.10

The speed of sound in argon; T = 298 K, R = 208.13 J/kg-K, y = cp / cv =1.667 is equal to
321.006 m/s and for nitrogen (R = 296.8 J/kg-K, y=1.4) is equal to 351.807 m/s. Based on this
speed, the maximum change in frequency at 2 kHz, due to the Doppler effect, at a scanning
speed of 1.2 m/s is calculated;

321
fp(ZkHz at 1.2m/s) = 2000 321 —1.2

fp(ZkHz at 1.2m/s) = 2007.50Hz
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Table 10 shows how different scanning speeds will change the perceived frequency at different

laser parameters for different frequencies.

Table 10: Doppler frequency at various frequencies and scanning speeds in argon

Scanning Perceived f Af

speed (m/s) (H2) (H2)

0.6 2003.75 3.75

2 kHz 1.2 2007.50 7.50
2.4 2015.07 15.07
0.6 20037.45 37.45
20 kHz 1.2 20075.05 75.05
2.4 20150.66 150.66
0.6 50093.63 93.63
50 kHz 1.2 50187.62 187.62
2.4 50376.65 376.65

The maximum change in frequency due to scanning speed can be ignored for this study, since

we will not consider such small changes.

Assuming the shape of the chamber to be a simple rectangle with dimensions; | = 675, w = 338

and h = 430mm, the mean free path between reflections is;

4(0.675 x 0.338 x 0.43)

MFP =
2(0.675 x 0.43) + 2(0.675 x 0.338) + 2(0.338 x 0.43)

MFP = 0.296m

Thus, the time for average reflection = % = 0.001 sec which is equivalent to 1 kHz (this is

smaller than filter discussed later in the section).

The reflection in the LPBF chamber will be complex due to the nature of the components
present and the changing environment. The absorption coefficient for powder varies with
thickness of the layer. Absorption is strongly dependent on the frequency. Okudaira et al.
(1993) measured absorption for non-metal powder beds: for frequencies below 1.2 kHz,
absorption has very distinct high peaks, thereafter it remains constant at approx. 0.2-0.4,
depending on the material, type and particle size distribution. Smaller particle sizes have lower
absorption at high frequencies (Okudaira et al., 1995). Fine powders (~50um) with a higher
bulk density do not seem to have high absorption values (<0.2) (Sakamoto et al., 2019). As for
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the metal powder used in AM, we can assume that absorption coefficient is equal to 0.1 (the
author is not aware of any literature regarding the sound absorption coefficients for metal
powder). For an estimation, assuming all surfaces are treated as having the same absorption
coefficient, the absorption coefficient can be approximated for a constant value that is similar
for powder and sheet metal; 0.1 (NRCratings.com., 2020), then the time it takes for the

reflections to die out, i.e. reverberation time, is given by

55.25 (0.675 x 0.338 x 0.43)

RT,, =
60 ™ 321 x 2(0.675 X 0.43) + 2(0.675 X 0.338) + 2(0.338 x 0.43) x 0.1

RTgo = 0.127sec

With the critical distance being

d. = 0.057 4
¢ RT,,
4 — 0,057 0.098
¢ 0.13
d. = 0.05m

meaning that the measurements were taken in the reverberant field. This will not influence the
comparisons since the environment remains the same. The axial resonance mode has the
greatest effect (tangential having half the energy and oblique a quarter), and the fundamental

of each wall of the rectangular area are given by

Frnoae = 3 | &2 + G2 + ()2

)2

321 1 - 0 -
fist axiar = = (0.675) (0.338) (0.430

f1st axial = 238Hz

The first twelve modes for this rectangular chamber are given in Table 11.

74

© Central University of Technology, Free State



[ Contral Uriversity of
chology, ree State

Table 11: First 12 resonant modes of LPBF chamber

Resonant frequency

P g ' (Hz) and mode
1.00 0.00 0.00 238, axial
0.00 1.00 0.00 475, axial
0.00 0.00 1.00 373, axial
1.00 1.00 0.00 531, tangential
2.00 0.00 0.00 476, axial
1.00 0.00 1.00 443, tangential
0.00 1.00 1.00 603, tangential
2.00 1.00 0.00 672, tangential
1.00 1.00 1.00 649, oblique
2.00 0.00 1.00 604, tangential
3.00 0.00 0.00 713, axial
0.00 2.00 0.00 949, axial

The frequency range where modal resonance end is

0.13
fcrossover = 2000 m

fcrossover = 2277 Hz

Since no strong modal resonances are present above 2 kHz and the crossover frequency is close
to 2 kHz, the possibility of resonance or standing waves influencing the results can be excluded.
In order to understand the machine environment, the signal-to-noise ratio (SNR) of the AE can
be calculated. The AE registered signal was comprised of a sound from the environment and
from the LPBF process. Therefore, the useful and noise signals were chosen as opposed to
extraction of a predetermined/known background noise signal. It was found that after applying
a 2 kHz high-pass filter, the signal level was about half that of the noise level with SNR
equalling to -4.731 dB. Signal-to-noise ratio was calculated from a FFT as ratio of summing
the amplitudes from 0-2 kHz for the noise and 2-20 kHz for the signal. The sound pressure
levels reaching the microphone were relatively consistent over the baseplate. To be sure no

other frequency distortion was present, the individual frequency content for each track was
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calculated (power spectrum) and correlated with Track 1 at Position 1. Table 12 shows that all

the positions had good correlation with one another.

Table 12: Power spectrum correlation value of Track 1 with other tracks

P1 P2 P3
TL T2 [ T3 [ Tt [ T2 [ T3 [ 71 | T2 | T3
1 10.993 | 0.999 | 0.994 | 0.991 | 0.993 | 0.988 | 0.991 | 0.994
P4 P5
TL T2 T3 | T1 | T2 | T3
0.997 | 0.994 | 0.991 | 0.9995 | 0.992 | 0.993

The resonances associated with start-stop of consecutive single tracks need to be considered.
Two aspects need to be considered: one being the time between start and stop of the track itself
and the other being the time delay between the stop of the previous track and the start of the
following track (for a square layer, the electrical signal which turns the laser on and off will be
modulated by rectangular wave). For the start-stop of the track itself the frequency can be
calculated by approximating the time between the start and stop of the laser to be equal to the
time taken to scan each track. For the core of the part, EOSINT M280 uses a scanning strategy
that uses a 5 mm and 10 mm long series of tracks (stripes) for Ti6AI4V and MS1 respectively.
The 3™ harmonic of a square layer scanned at 1.2 m/s is shown in Table 13, included isa 1 mm
square to see the effect of shorter tracks. Varying tracks (shorter than stripe size) are always

present in complex part due to the shape of the part being produced.

Table 13:Resonant frequency of laser start-stop modulation for 1, 5 and 10mm square layer at 1.2m/s

Length (mm) Time (ms) fglarlﬁ?@;?ﬁ;) 3" harmonic (Hz)
0.833 1200 3600
4.167 240 720
10 8.333 120 360

For the time delay between stop and start of consecutive tracks, a delay time of 1.5 ms will

result in a fundamental frequency of 666.667 Hz. These modulation calculations do not take
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into consideration the effect of the AE frequencies emitted due to melting and solidification
phenomena. If we assume that the higher harmonics (>3") contain negligible amplitudes, this

will not contribute to FFT amplitudes of this study but does warrant further investigation.

In the present study, using a 2 kHz high-pass filter, good correlation and similar RMS values
were obtained and one can conclude that the current sensor position in this setup was not
influenced by the environment or scanning position. Analysis was done inside the EOSINT
M280 machine using maraging steel; placement with chosen distances seem to be adequate,
but care should be taken if any variable, such as machine, sensor or material, is changed. Thus,
quality of online AE measurements can be trusted for non-contact AE during online detection

of porosity-forming phenomena during metal LPBF.

4.3 AE for LPBF process at different process parameters

This section establishes some fundamental basis of how different variables affect the AE. Since
single layer is a superposition of the synthesized single tracks, surface morphology of the layers
depend on geometrical characteristics of single tracks, scanning strategy and hatch distance.

Therefore, a fundamental knowledge of the single tracks and corresponding AE are needed.

4.3.1 Powder thickness variation

The extracted sound signal of Track 2 after filtering is shown in Figure 55. The amplitude of
signals clearly increases with powder thickness. The start of the track can be identified by the
increase in activity (red colour). A clear initial spike is observed at the beginning of scanning
without powder which agrees with the development of AE shown by Luo et al., (2019). With
powder layer processing, the sound does not exhibit the initial peak at the start of scanning.
The amplitude of the average signal reaches a maximum at a certain powder thickness,

thereafter the amplitude decreases, as seen when comparing two and ten layers in Figure 55.

In the first series of AE experiments with single tracks, clear differences in track morphology
were observed from the top and cross-sectional views at different layer thickness, (Figure 56).

Note the uniform smooth tracks on the substrate without powder. Regular continuous tracks

were produced up to layer thickness of 60 um.
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Figure 55: Extracted and filtered AE signal of Track 2 without powder (a), two layers (b) and 10 layers (c) showing
registered amplitude versus time

Irregular tracks started at 120 um powder layer thickness. At this thickness pre-balling effect
begins, where tracks were still continuous but had an irregular shape in the form of a sequence
of beads interconnected by curved tapering tracks. The tracks on the 300 pum thick powder layer
had no regular metallurgical contact with the substrate — only some molten beads were slightly
attached to the substrate at random areas. This means that at this laser power, spot size and
scanning speed, the energy from the laser beam was not enough to melt both the 300 um

powder layer and the substrate material.
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Figure 56: Typical view of single tracks on the substrate at different powder layer thickness: top view (left) and cross-
sections (right) at scanning speed of 1.2 m/s and 170 W

With increased powder layer thickness, more material is involved in the process which
increases the size of the top part of the track and decreases the depth of penetration into the
substrate and contact zone (Figure 56 and Figure 57). With increasing powder layer thickness,
variations of geometrical characteristics also increased (Figure 57); tracks lost a stabilizing
factor such as joint melt pool with the substrate and became irregular. A decreased penetration
depth into the substrate material ultimately caused lack-of-fusion porosity (Yadroitsev, 2009;
Oliveira et al., 2020). During the process of formation of a single track, the value of the
recorded SPL increases with increasing layer thickness up to 120 um and then a turning point
is reached (Figure 57). The analysis of the cross-section showed similar behaviour in the
contact zone, which also reached a maximum at a layer thickness of 120 um (Figure 57). When
more powder and substrate material were involved in the process, this corresponded to higher
AE intensity. Then, when the track lost continuous contact with the substrate, the SPL
decreased. At laser power of 170 W and scanning speed of 1.2 m/s, and layer thickness above
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60 um, single tracks start to lose metallurgical contact with the substrate. Thus, the substrate
begins to be excluded from the process and, therefore, AE is emitted. Any further increase in
the powder thickness will lead to absorption of sound by the powder and ultimately stabilize
the SPL value.
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Figure 57: Geometrical characteristics of single tracks at 170 W and 1.2 m/s and the corresponding total SPL (a); evolution
of the cross-section shape with powder layer thickness (b)

Spectral analysis of the signal for the single tracks showed that with an increase in the thickness
of the powder layer, not only the total SPL changed, but also the spectral frequency of the
sound (Figure 58). At low layer thickness it is very difficult to deliver a homogenous powder
layer due to individual particle sizes in the same order of magnitude. Some heterogeneity in
the layer thickness will be present and will affect the morphology of the single track and the
corresponding AE. Thus, non-parametric median values of AE frequency spectrum were
studied.

80

© Central University of Technology, Free State



[ Contral Uriversity of
chology, ree State

All processed layers had high median values of AE intensity amplitudes at 2 and 3 kHz.
Without powder, the peaks were low, especially beyond 10 kHz (Figure 58). At the reference
30 um powder layer the amplitude of the signal increased for all frequencies. The signal was
stable without expressed peaks. With an increase in the layer thickness to 60 um, peaks were
found at 12 kHz. Further increasing layer thickness up to the critical value of 120 um led to the
appearance of high signals, near 6-7 kHz, with amplitudes 1.5 higher than without powder. At
150 um layer thickness, peaks shifted to lower frequencies. Some high amplitude peaks were
found for 300 um single tracks at 5.5-8 kHz, the high frequency spectrum had lower amplitude
and shifted left. The overall amplitude of the frequencies follows the same pattern as with the
SPL in that the energy increases up to 120 um layer thickness and then decreases thereafter.
As the powder layer increases beyond 10 layers (300 pum), the melt pool will not touch the
substrate at all as the penetration depth into the powder bed stays at maximum regardless of
the thickness of the powder layer beneath the track and, therefore, the intensity of sound at all
frequencies stayed the same (Figure 58). In general, due to the high variability of the
amplitudes, it was difficult to find a trend between the dominant frequencies and the thickness
of the layer at the studied frequencies. A correlation was not readily apparent, therefore not

quantitatively assessed.
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Figure 58: Frequency spectrum and median intensity of AE signals for single tracks produced without powder and 30—

300um powder layer thickness

Apparently, the main sign of an increase in the layer thickness and the associated balling effect

is the presence in the spectrum of high amplitudes at frequencies of about 7-10 kHz, but this
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assumption should be studied on a larger number of single tracks forming a single layer at

different layer thicknesses.

4.3.2 Influence of laser power on AE signal during scanning single tracks

AE signal for laser processing of the substrate without powder at 100 W, 170 W and 340 W
and 1.2 m/s scanning speed was studied. At 100 W, the amplitude of frequencies above ~7 kHz
was low, and the cumulative amplitude was almost constant (Figure 59). At 170 W and 340 W,
high frequencies started to contribute more in AE and the cumulative amplitude increased 1.5
and 2.7 times in comparison with 100 W processing, correspondingly.
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Figure 59: Typical FFT spectrum and photos of single tracks without powder at 100 W, 170 W and 340 W laser powers and
1.2 m/s scanning speed (a) and cumulative amplitude at 2—20 kHz (b)

Increasing laser power leads to a wider and deeper melt pool (Figure 59a) and the AE energy
that is integral to the FFT power spectrum over all frequencies also increased (Figure 59b). The
SPL at the formation of single tracks without powder was 73.5 + 1.49 dB, 75.3 + 1.48 dB and
78.6 £ 3.0dB at 100 W, 170 W and 340 W laser power, respectively. The generation of
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acoustic waves during melting and solidification of the material can be due to phase
transformations in the powder and substrate, instantaneous change in the volume of the gas in
the region of the melt pool, and the ejection of particles in the process of spattering. An increase
in the laser power leads to an increase in the temperature and size of the melt pool with deeper
penetration into the substrate up to keyhole regimes. As shown in Mao et al., 1993, keyhole
mode dramatically raised AE for laser welding. In LPBF, changing scanning parameters has a
drastic effect on the melt pool shape, denudation zone and spattering effects (Bidare et al.,
2018a; Yadroitsev, 2009). As shown in Figure 57, the intensity of the AE signal increased when
more material was involved in the process. With increasing laser power, the temperature of the
melt pool and the vapour pressure significantly increases, which leads to a change in AE signal.
Higher energy input also increases the spatter process (Taheri et al., 2018; Wang et al., 2017)
which will certainly affect the frequency and intensity of the AE signals. In the present
experiments, the spatter effect increases with powder layer thickness and corresponds with the

SPL and frequency changes.

4.3.3 LPBF modes and AE

This section sets out to show the characteristic audible AE of single tracks at different keyhole
process parameters using the EOSINT M280 system. Conduction mode is obtained at laser
power of 100 W, and the keyhole mode at laser powers of 170 W and 340 W (Figure 60). From
the top view it can be observed that the track width for all laser powers is uniform throughout

the length of the track. The depth of the tracks increased greatly with increase in laser power.

100 W

170w

340 W

Figure 60: Top view and cross-sections of single tracks without powder at 100 W, 170 W and 340 W laser power and 0.6 m/s
scanning speed

Keyhole-mode process parameters are undesirable since they can cause porosity during the

LPBF process. At 340 W and 0.6 m/s, various defects are present (Figure 61). An increase in
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layer thickness produced vastly irregular tracks with great volume protruding above the

substrate, and at 300 um, there were unmelted particles attached to the irregular track.

Figure 61: Cross-sections showing keyhole porosity and irregular surface of single tracks without powder (left), layer
thickness of 120 um (middle) and 300 um (right) at 340 W laser power and 0.6 m/s scanning speed

At laser power of 100 W and powder layer thickness of 300 um, the single tracks did not have
contact with the substrate. From the microscopic analysis of the tracks, it was found that the
contact zone decreased with an increase in layer thickness for all three laser powers (Figure
62). The contact zone proved to be the only dimension that has a distinct relationship with the
sound pressure level. In Figure 63, it can be observed that the SPL decreases with decrease in
contact zone; note the increase for 100 W at 30 um. The width of the tracks followed the same
pattern as the contact zone up to 120 um, and above 120 pm “ice cream cone”-shaped tracks
formed which resulted in higher width measurements. At 30 um, 340 W laser power produced
a wider shallow track in comparison to the other layer thicknesses.

The SPL was highest at no powder with 340 W being 89.58 dB. Figure 63 shows SPL increased
with laser power and decreased with increasing powder thickness; opposite results were found
in the previous section (4.3.1 Powder thickness) which showed that the SPL increases with
powder layer thickness at a higher scanning speed of 1.2 m/s. This change in AE can be

attributed to the melt pool dynamics that change at higher scanning speeds (Bidare et al. 2018).
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Figure 62: Geometrical characteristics of single tracks at different process parameters, error bars represent standard
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Figure 63: SPL of single tracks at 100 W, 170 W and 340 W laser power and 0.6 m/s scanning speed. Cross-sections at
corresponding layer thickness shown.

The frequencies emitted at the two different keyhole parameters (170 W and 340 W at 0.6 m/s)
are very similar (Figure 64). This suggests that at these two parameters, the melt pool dynamics
are very stable and similar. The same shape is present in both 170 W and 340 W, but 340 W

has deeper penetration.

0.006

0.005

:

Amplitude, a.u.

2 kHz 3 kHz 4kHz 5kHz 6 kHz 7 kHz 8 kHz 9 kHz 10 kHz 11 kHz 12 kHz 13kHz  14kHz 15kHz 16kHz 17kHz 18kHz 19kHz 20kHz

100w

170w 340W

Figure 64: FFT spectrum of single tracks without powder at 100 W, 170 W and 340 W laser power and 0.6 m/s scanning
speed

For “no powder” case at 100 W, the linear energy density (P/V) is 166.667 J/m and resulted in
conduction-mode LPBF. It is interesting that for conduction mode produced with similar linear
energy density (P/V = 141.7 J/m), but at higher scanning speed (1.2 m/s), a different frequency
response was found in the previous section 4.3.2 with a single high peak at ~7 kHz, which
cannot be seen for 0.6 m/s (Figure 65). This implies that there is no definite clear relationship
between AE spectral peak identification and the linear energy density. Each combination of

process parameters produces a unique morphology of tracks and unique sound.
The FFT spectrum for the different laser powers had a similar shape with varying amplitude

from 30 pum to 300 um powder thickness. In Figure 65, for 300 um the different laser power
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spectrums’ shapes almost seem to merge. This is possibly, due to the melt pool that loses
contact with the substrate and cannot conduct heat away rapidly leading to similar melt pool

dynamics for the different laser powers.
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Figure 65: FFT spectrum single tracks with 300pm powder layer thickness at 100 W, 170 W and 340 W laser powers and
0.6 m/s scanning speed

Gas-borne AE results are reported for different layer thicknesses, laser powers and LPBF
modes. From this data it is clear that track morphology cannot be used alone to correlate to AE,
but one should consider the different combinations of process parameters. This information on

the single tracks can be used to aid development of a monitoring system.

4.4 Recognition algorithms

At optimal process parameters, LPBF Ti6Al4V ELI samples can show very high density
(>99.9%) and only randomly distributed small pores (Yadroitsev et al., 2018). However, non-
homogenous powder delivery or redistribution of the powder layer during processing of
complex-shaped samples can cause too thick a layer of powder layer, or inversely, create areas
without powder. In the case of a critically thick powder layer, there will not be metallurgical
contact between the melt pool and the previous solidified layer/substrate. Laser processing of
areas without powder will only result in re-melting of the previously solidified layer. When
applying the subsequent powder layer, a thicker layer will be obtained, which can cause a
balling effect. Early online detection of the unstable formation of single tracks due to these
problems could prove to be an effective way of preventing porosity and other defects in LPBF-

manufactured parts.

The present work analyzes the unique AE signatures at the formation of a single track with
optimal process parameters as well as the identification of tracks manufactured on powder-free

areas and thick powder layers. The simple algorithm and methodology demonstrated can
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potentially be applied in-situ for correcting errors in a feedback control scheme, which is

extremely important in manufacturing high-quality LPBF parts (Druzgalski et al., 2020).

4.4.1 Layer thickness recognition algorithm 1

Measurements of the single tracks from the top view and their cross-sections showed that width
and height of the tracks depend on the powder layer thickness, because it defines the amount
of material involved in the process (Figure 66). The energy input was enough to fuse all powder
under the laser beam and to penetrate into the substrate with a depth of about 70 um. The
conductive mode of the laser fusion promoted U-shaping of the molten pool when the selected

process parameters were applied. Thus, tracks were different in width and height.

(a)

50 um

160  C)
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Figure 66: Cross-sections of single tracks: one layer (a), five layers (b) and their geometrical characteristics.
Figure 67 shows the signal obtained at frequencies between 2-50 kHz for the three tracks at
each layer at the two different layer thicknesses. Signals were sampled at 100 kHz and
according to the Nyquist rate, the maximum frequency measured can be 50 kHz. A 2 kHz high-
pass filter was used to remove low-frequency environmental noise. The recorded signal
indicated a strong correlation between the AE signal amplitude and the sequence of tracks.

Since the low level of the signal shows a short pause between the scanning, this type of filtration
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could also be used as one of the qualitative characteristics of the presence or absence of defects
during LPBF.
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Figure 67: Signal registered for three scans after a 2 kHz high-pass filter: one layer (top) and five layers (bottom) with
amplitude in a.u.

Figure 68 presents acoustic spectra of the first two tracks after FFT with threshold lines (red
colour). A threshold is introduced to remove low energy components, which is always present
in both, thus making it plausible to distinguish between differences in the models. The
threshold near 70 000 for the one-layer model and 50 000 for the five-layer model was found
to give the best correlation to the ground truth when it is 15% of the maximum value. The
percentage is calculated from maximum to reduce the negative effect of slight changes in sound

amplitude.
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Figure 68: FFT spectra of AE from one layer (top) and five layers single tracks (bottom). Threshold value for FFT peak
classification is indicated by red line.

The spectra from the five-layer tracks had more intensive high-frequency components.
Probably, this was due to a higher temperature of the molten pool which resulted from a thicker
powder layer. Since the powder has higher effective absorptivity than solid material, maximum
temperature of the molten pool can be reached with the thicker powder layer. Another possible
reason is the creation of the deeper channel in the melt pool for the generation of AE at higher

layer thickness. Sparking effect can also be taken into account for future analysis.

To find significant difference in the frequency spectrum of the tracks, all frequencies present
in the FFT above the threshold lines were recorded as “1” and the rest as “0”. This procedure
normalizes the magnitude and gets rid of low energy components. The resulting classification

of AE signals according to this criterion is shown in Figure 69.

Results of classifications for both layer thicknesses were combined (multiplied) to see what

frequencies were presented in both models. The combined coded frequencies were subtracted
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from the original signals to make a model that should only consist of the unique frequencies

present for each powder layer thickness (Figure 70).
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Figure 69: Coded FFT signals for the two tracks after classification: one layer (a) and five layers (b).

The third track of each sample that was not used in the generation of these models was then
evaluated against the models to see whether the model could predict from which layer the track
was produced. The evaluation tracks (third tracks) at one layer and five layers were subtracted
from the model and then all the points added up. All the points of the one-layer and five-layer
model were summed. The evaluation sum was then divided by the model sum as a percentage
correlation corresponding to the model used. It was found that the one-layer track had 80%
correlation with the one-layer model and only 50% correlation with the five-layer model. The
five-layer track had 70.3% correlation with the five-layer model and only 52.2% correlation
with model derived from the one-layer model.
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Figure 70: Coded signals for the two tracks after classification: one layer (a) and five layers (b).

As was indicated, tracks were manufactured at the same process parameters but at different
powder layer thicknesses. Differences were found in the width of molten pool and the track
height. Changes in the powder layer can occur when the previously sintered layer was very
rough and keyhole or balling started. The newly delivered layer will be inhomogeneous and
thick. The proposed approach can be useful in the prediction of a larger molten pool when more
powder material is involved in the process. The high-frequency band at 25-35 kHz with

enhanced AE from the molten pool looks promising for defect detection.

The typical AE frequency bands for different process parameters when keyhole or balling effect
arises can be determined and used for in-process monitoring and spatial recognition of defects.
A real-time monitoring AE system could be realized using these models. This real-time
monitoring AE system could be achieved using the 1’s and 0’ of the models, seen in Figure 69

and Figure 70 as pole, zero placement in the real-time filter design.

4.4.2 Layer thickness recognition algorithm 2

This section only considers audible sound. FFT for AE signals from three sets of ten tracks,
each with a length of 90 mm produced at 170 W and 1.2 m/s scanning speed, shows similar
results. The case without a powder layer showed low AE, especially at a higher frequency;

about 50% of signal strength was concentrated between 2—7 kHz (Figure 71). There is a clear
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corresponding rise in cumulative amplitude of AE signals after 6 kHz with layer thickness.

These types of indicators can be used to develop online monitoring identifiers. Analysis of SPL

and dominant FFT frequencies averaged over the entire signal time intervals suggested that the

AE signal can correlate with processed layer thickness and with the size of the melt pool.
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Figure 71: FFT spectra and average intensity of AE signals for 10 single tracks produced without powder, 30 zm and 120

um powder layer thickness.

In the present experiments, the spatter effect increased with powder layer thickness and

corresponds with the SPL and frequency changes. No spattering was observed without powder

(Figure 72).
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Figure 72: Images of scanning of 10 sequential, non-overlapping tracks at different layer thicknesses (scanning direction

from left to right) with layer thickness: (a) no powder, (b) and (c) with powder: 30 #m powder layer and 120 xm powder

layer, correspondingly. Spectrograms of the scans showing increasing intensity of AE signal (right). The colour indicates
amplitude: green is low values and red is higher values

In the case without powder, the SNR value was -10.185 dB, for one layer of powder (30 pum)
and the thick layer of 120 um, or for “optimal” and “non-optimal” conditions it was -4.731 dB
and -3.688 dB, respectively which indicates that the signal strength increases with thicker
powder layers. In general, due to the high variability of the amplitudes, it was difficult to find
a correlation between the dominant frequencies and the thickness of the layer at the 2-20 kHz
range in these studies (Figure 72). Apparently, the main sign of an increase in the layer
thickness and the associated balling effect is the presence of high amplitudes in the spectrum
at frequencies of 6-10 kHz, but this assumption should be investigated on a larger number of

single tracks forming a single layer. FTT amplitudes of single tracks varied significantly with
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time during processing, so STFT was used to evaluate the effect of powder layer thickness on

the AE process.

Summing up all the SFFT values at individual frequencies over time can indicate how much of
each frequency was present as AE signal for each powder thickness (without powder, 30 um,
120 um), Figure 73a. The proposed layer recognition algorithm works by creating a signature
for each deviation from reference signal, one signature for the deviation from “reference-to-
no-powder layer” and another signature for the deviation from “reference-to-thick powder

layer”.
The amplitude As for each frequency f was calculated as
Af =Y[Z0 STFF 5 )
and then it was scaled to [-1; 1] by equation (2):

Ap—0.5 (MAX(Af)—MIN(Af))

AScaledf = 05 (MAX(Af)—MIN(Af)) (2)

Each set of track data was subtracted from the reference set to obtain the two
signature/characteristic curves: “reference layer” minus “no powder layer” and “reference
layer” minus “thick powder layer”. The characteristic difference AAs in amplitudes for each

frequency is calculated by:

AAr = ARefScaledy — ATestScaledAs 3)

The results of the two signature/characteristic curves for the thick powder layer and scanning
without powder calculated from Equation 2 are shown in Figure 73c. The
signature/characteristic curves ¢ were used in the algorithm to test the remaining tracks. This
was done by subtracting the new AE signal from the reference signal and correlating the answer

to the two signature curves (“reference—no powder” and “reference—thick layer”), Figure 73.

For the quantitative data comparison algorithm, normalized correlation between the remaining

set of tracks and the two characteristic curves from the model were calculated by:

1
C =
VETest X EModel

Z AAModelf X AAModelf ()
f

Where
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EModel = Z |AAModel |* ETest = Z |AATest; | (5)
f f

The models showed high correlation values: >0.8 for the “reference-no powder” model and
>0.6 for the thick powder layer (Table 14). The reference tracks showed very low correlation

with either model, as expected.
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Figure 73: Cumulative amplitude of AE signals for six tracks in different sets: no powder (blue colour), one layer (30 pum as
reference, green colour) and four layers (120 um, red colour) of powder thickness (a). Signature curves of “reference
powder layer—no powder” (b) and “reference-thick powder layer” (c).

To implement this approach for online monitoring by AE, the recorded sound must be
compared to both the models. Low correlation to either model means that the process is stable
and defect-free. High correlation with the "no powder" model indicates that tracks were
processed with lower powder thickness than expected. This will increase the probability of
thick powder being present on the next layer. High correlation with the "thick powder layer"

model indicates a high probability of balling effect and subsequent lack-of-fusion porosity in
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the corresponding area of the part. Additionally, other types of defect signatures can potentially

be created and added to expand the type of defects which the system can recognize).

Table 14: Correlation coefficients for experiments with single tracks

“Reference—no powder” “Reference—thick
model powder layer” model
Tracks 1-6 1 0.087
Track 7 0.867 0.078
No powder Track 8 0.936 0.079
Track 9 0.926 0.081
Track 10 0.873 0.071
Track 7 0.340 0.122
Thelfce;ﬁgscf Track 8 0.034 0.135
(30 um) Track 9 0.000 0.202
Track 10 0.000 0.415
) Tracks 1-6 0.087 1
(;n;g‘;) Track 7 0.093 0.801
powder layer Track 8 0.116 0.779
(120 pm) Track 9 0.163 0.683
Track 10 0.218 0.713

The same steps were used to create and test the algorithm for the layers. The results appear to
be similar in that: the AE energy increases with powder layer thickness; the same peaks are
present at ~6 to 8kHz and for no powder the energy is low at higher frequencies (Figure 74).

Amplitude, a.u

Frequency, kHz

Figure 74: Cumulative amplitude of AE signals for single layers in different sets of powder thickness: one layer (30 pum as
reference, green colour), four layers (120 um, red colour), and without powder (blue colour)
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One notable difference between single tracks and single layers is observed for no powder. At
60 um and 120 um there is an increased amplitude at ~3.5 kHz. This can be due to an increase
in local heating and in the regular change of the denudation zone in the manufacturing of a
sequence of tracks, i.e. layer, which is absent in the manufacture of single track (Yadroitsev
and Smurov, 2011). The layers correlated very well with the two models (Table 15).
Correlation values of the reference thickness showed some correlation to “reference—no
powder” model. The threshold for the layers can be set as high as 0.9 to warn the system of a
defect powder layer.

Table 15: Correlation coefficients for experiments with single layers

“Reference—no powder” “Reference—thick
model powder layer” model

No powder Model 1 0.017
Test layer 0.996 0.020

Reference
thickness Test layer 0.469 0.103

(30 um)
Thick (critical) Model 0.017 1
po("l"ggru'%er Test layer 0.042 0.947
4.4.3 Summary

A detailed analysis of airborne AE signals for LPBF of single tracks is presented. Track
morphology at different layer thickness and laser powers are compared to AE signals. The
results show that a simple algorithm could accurately identify problematic situations where the
thickness of the powder layer is irregular: it can identify between cases when there is no
powder, reference powder layer and thick powder layer (lack of fusion) when the balling effect

starts, and when tracks are irregular in shape.
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CONCLUSIONS AND FUTURE RESEARCH

Manufacturing components for industries where quality is crucial requires that the parts be
tested before being commissioned into service. “How does the quality compare to that of
conventional manufacturing methods?” Manufacturing standards and testing procedures need
to be in place to give the end-user peace of mind. When new technologies emerge, formal
issued standards always lag, which hinder technology growth. Each alloy has a unique
processing window within which optimal tracks are produced. Literature shows that many
researchers are looking to develop optimal process parameters for new materials. Parallel to
this, companies and researchers are developing machines and equipment to enhance the
capabilities and quality of LPBF, real-time control using online monitoring being one of the
major drives seen from LPBF platform suppliers. Quality of aerospace and medical
components must be verified. Current methods depend much upon post-processing methods
such as CT scanning. Post-processing is time-consuming and adds significant cost to the parts
being produced. The nature of adding single tracks to form layers which are then added to form
3D parts exhibits specific defects and material properties. It is, therefore, very important to
understand LPBF, design for AM and the capabilities of the online monitoring equipment
(probability of detection).

Intricacies of defects are dependent on many factors: material, build orientation, layer
thickness, geometry, laser parameters, etc. All these factors interplay making it difficult to
predict the type of defect that might arise; this is also why the idea of creating a digital twin is
currently receiving much attention from the AM community. Single track morphology under
different process parameters is shown. The critical layer thickness for lack-of-fusion porosity

was found for the 3D objects and correlated well to the shape of the single track.

Regarding online monitoring, gas-borne AE is relatively easy to implement, inexpensive and
able to give valuable information. For online monitoring the current equipment, microphone
placement, scanning position and signal filtering were verified for the M280 environment.
Online AE can distinguish events within the time domain. The AE during the LPBF process
presented promising results in that it changes with the powder thickness, laser power and laser
operating modes. Track morphology at different layer thicknesses and laser powers were
compared to their corresponding AE signals. Different combinations of process parameters
yielded different acoustic signals. When comparing different parameters, tracks might look the

same and even be processed with equal energy density but yield a completely different acoustic
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signal, therefore, track morphology alone cannot be used to correlate to AE; one should

consider a process parameter set.

A detailed analysis of airborne AE signals of single tracks and layers were presented.
Determining the typical AE frequency bands for different process parameters when keyhole or
balling effect arise can be used for in-process monitoring and spatial recognition of defects in
LPBF manufacturing. The results show that a simple algorithm could accurately identify
problematic situations where the thickness of the powder layer is irregular — it can identify
between cases when there is no powder, optimal powder and a thick powder layer (lack of
fusion) when balling starts, and when tracks are irregular in shape. These post-processing
algorithms can be used in the design of online process monitoring of LPBF. As shown in this
study, changes in layer thickness have a great effect on AE. The SPL and spectral analysis can,
therefore, be used to identify keyhole mode or lack-of-fusion defect scenarios. This AE
approach can possibly be implemented using a device such as a Field Programmable Gate
Arrays (FPGA). A FPGA can record new data and do signal processing simultaneously. The
correlation values can then be used to interrupt the building process.

The complex nature of the LPBF process leaves much space for investigation of the sources of
AE and how each parameter may affect the signal along with the limitations. The limit of the
smallest thickness deviation that this method can detect should be investigated. Future work
involves finding what information might be hidden within the machine noise (0-2 kHz) and
using other signal processing tools. To develop an online monitoring method, further research
is needed to determine how other factors can change the sound emitted during the LPBF
process. For example, factors like laser modulation, scanning strategies which influence melt
pool temperature and part geometry containing overhang areas could also affect this. The
proposed algorithms can be fine-tuned and extended to include different events other than layer
thickness. This approach can then be integrated with the software to either alarm or adapt

system parameters when AE does not correlate to the required reference values.

Future work can include investigating other AE systems such as air-coupled ultrasound and
other signal processing methods such as using other linear time invariant algorithms with the
identified frequencies. Establishing the limitations of AE online monitoring, i.e. minimum size
and the typical defects, will assist as a quality control method for LPBF components. AE data
in combination with x-ray CT can be used to develop a digital twin for production parts. The
establishment of standards in terms of what type of defects are allowed would assist not only

the end-users but also the development of online monitoring systems, because these systems
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are considered with respect to the probability of detection. AE might be a valuable missing

complementary tool in online monitoring systems.
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Appendix

~ Calibration Report ~

Model: 378802 Serial Number: 132756
Microphone Model: 377B02 Serial Number: 179115 Description: 1/2" Free-Field Microphone
Preamplifier Model: 426E01 Serial Number: 051802 and Preamplifier
Calibration Data
System Sensitivity @ 251.2 Hz:  48.28 mV/Pa Polarization Voltage, External: 0V

-26.32dB re 1V/Pa

Temperature: 69 °F  (21°C) Ambient Pressure: 981 mbar Relative Humidity: 36 %
Frequency Response (0 dB (@ 251.2 Hz)
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Frequency (Hz)

Freq Lower  Upper Freq Lower  Upper Freq Lower  Upper Freq Lower  Upper
(Hz) (dB) (dB) (Hz) (dB) (dB) Hz (dB) (dB) (Hz) (dB) (dB)
7499 - -

20,0 011 0.11 1679 -0.11 0.12 -2.41 0.66 -
251 0.10 0.10 1778 -0.12 0.14 7943 -2.74 0.65 - - -
316 0.08 0.08 1884 -0.13 0.16 8414 -318 0.55 - - -
398 0.06 0.06 1995 -0.13 0.18 8913 -3.64 0.47 - - -
0.1 0.06 0.06 2114 -0.14 0.20 9441 -4.17 0.35 - - -
63.1 0.04 0.04 2239 0.13 0.22 10000 -4 86 0.09 - - -

794 0.04 0.04 2371 -0.19 0.22 10593 -5.36 0.05! - - -
100.0 0.03 003 2512 -0.21 0.25 11220 -6.13 -0.27 - - -
1259 0.02 0.02 2661 -0.26 025 11885 -6.57 -0.25 - - -
158.5 0.01 001 2818 -0.27 029 12589 -6.92 -0.15 - - -
199.5 001 0.01 2985 -0.30 032 13335 =720 -0.01 - - -
2512 0.00 0.00 3162 035 033 14125 -748 0.11 - - -
3162 -0.01 0.00 3350 -0.38 0.36 14962 -167 0.30 - - -

398.1 -0.01 -0.01 3548 -0.44 0.39 15849 -790 0.45 - = -
5012 -0.02 0.02 3758 -0.50 0.40 16788 -8.15 0.57 - - -
631.0 -0.03 001 3981 -0.56 0.44 17783 -849 0.62 - - -

7943 -0.04 0.05 4217 -0.65 047 18837 -9.14 0.37 - - -
1000.0 -005 007 4467 -0.73 0.50 19953 -9.94 -0.01 - - -
1059.3 -0.06 0.07 4732 -0.83 0.54 - - - - -
11220 -0.06 008 5012 -0.95 0.58 - -

11885 -0.07 008 5309 -1.10 0.60 - - - - o
1258.9 -0.07 0.09] 5623 -1.25 0.64 - - - - =
13335 -0.08 010 5957 -1.43 0.64 - - - - = N
14125 -0.08 011 6310 -161 0.69 - - - - - -
14962 -0.09 011 6683 -1.85 0.67 - - - - = %

15849 -0.10 0.12 7080 -2.14 0.65 - - - - - -
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Figure 76: Photo of M280 while setting up for an experiment

118

© Central University of Technology, Free State



Table 16: Summary of key process parameters in LPBF (Adapted from Spears and Gold, 2016)

Laser and scanning parameters

1. Average power Measure of total energy output of a | Controlled
laser

2. Mode Continuous wave or pulsed Predefined

3. Peak power Maximum power m a laser pulse Predefined

4. Pulse width Length of a laser pulse when | Predefined
operating in pulsed mode

5. Frequency Pulses per unit time Predefined

6. Wavelength Distance between crests m laser | Predefined
electromagnetic waves

7. Polarization Orientation of electromagnetic waves | Predefined
in laser beam

8. Beam quality Related to intensity profile and used to | Predefined
predict how well beam can be focused
and determine minimum theoretical
spot size (equal to 1 for a Gaussian)
(Steen and Mazumder, 2010)

9. Intensity profile Determines how much energy added | Predefined
at a specific location

10. Spot size Length and width of elliptical spot | Controlled
(equal for circular spots)

11. Scan velocity Velocity at which laser moves across | Controlled
build surface

12. Hatch distance Distance between neighbourmg laser | Controlled
passes

13.2 Scan strategy Pattern in which the laser is scanned | Controlled

across the build surface (hatches, zig-

© Central University of Technology, Free State

119



zags. spirals, etc.) and associated

parameters

Powder material properties

14. Bulk density Material density, limits maximum | Predefined
density of final component
15. Thermal Measure of material’s ability to | Predefined
conductivity conduct heat
16. Heat capacity Measure of energy required to raise | Predefined
the temperature of the material
17. Latent heat of Energy required for solid-liquid and | Predefined
fusion liquid-solid phase change
18. Melting Temperature at which material melts: | Predefined
temperature for alloys the difference between the
liquidus and solidus temperature is
typically of greater interest
19. Boiling Temperature at which matenal | Predefined
temperature vaporizes; may only be important in
certain process conditions
20. Melt pool viscosity Measure of resistance of melt to flow | Predefined
21. Coetticient of Measure of volume change of | Predefined
thermal expansion material on heating or cooling
22. Surface free energy Free energy required to form new unit | Predefined
area of solid-liquid interfacial surface
23. Vapour pressure Measure of the tendency of material to | Predefined
vaporize
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24. Heat (enthalpy) of Energy associated with a chemical | Predefined
reaction reaction of the material (e.g. oxide
formation), not always relevant
25. Material Measure of laser energy absorbed by | Predefined
absorptivity the material, as opposed to that which
is transmitted or reflected
26. Diffusivity Important for solid state sintering, not | Predefined
as critical for melting
27. Solubility Solubility of solid material in liquid | Predefined
melt. unlikely to be significant
28.2 Particle Measures of shape of individual | Predefined
morphology particles and their distributions. e.g.
aspect  ratio, circularity, and
clongation
29. Surface roughness Arithmetic mean of the surface profile | Predefined
30. Particle size Distribution of particle sizes, usually | Predefined
distribution diameter, is a powder sample
31.7%Pollution Ill-defined factor deseribing change in | Predefined
properties of powder due to reuse as
dust and other particles added to
powder
Powder bed properties and recoat parameters
32. Density Measure of packing density of powder | Predefined
particles, influences heat balance
33. Thermal Measure of powder bed’s ability to | Predefined
conductivity conduct heat
34. Heat capacity Measure of energy required to raise | Predefined
the temperature of the powder bed
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35. Absorptivity Measure of laser energy absorbed, | Predefined
dependent on materal absorptivity
and state of powder bed
36. Emissivity Ratio of energy radiated to that of | Predefined
black body
37.2 Deposition system Recoater velocity, pressure, recoater | Controlled
parameters type. dosing (Van der Schueren and
Kruth, 1995)
38. Layer thickness Height of a single powder layer, | Controlled
limiting resolution and impacting
process speed
39. Powder bed Bulk temperature of the powder bed | Controlled
temperature
Build environment parameters
40. Shield Gas Usually Ar or N2, but may also be He, | Predefined
or something else
41. Oxygen level Probably most important | Controlled
environmental parameter: oxygen can
lead to oxide formation m metal,
changes wettability, energy required
for welding
42. Shield gas Influences heat balance, diffusivity | Predefined
molecular weight into and out of part
43. Shield gas May influence free surface activity of | Predefined
viscosity melt pool, convective heat balance
44. Thermal Term 1n heat balance Predefined
conductivity
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435. Heat capacity of Term in heat balance Predefined

gas

46. Pressure Influences vaporization of metal as | Controlled
well as oxygen content

47. Gas flow veloeity Influences  convective  cooling, | Controlled
removal of condensate

48. Convective heat Convective cooling of just-melted | Predefined

transfer coefficient part by gas flowing over the surface

49. Ambient Appears i heat balance, may impact | Controlled

temperature powder preheat and residual stress

50. Surface free energy Between liquid and surrounding gas. | Predefined
influences melt pool shape

123

© Central University of Technology, Free State



	ACKNOWLEDGEMENTS
	ABSTRACT
	LIST OF FIGURES
	LIST OF TABLES
	GLOSSARY
	Chapter 1: INTRODUCTION
	1.1 Background
	1.2 Problem statement, aim and objectives
	1.3 The scope of the project
	1.4 Research methodology
	1.5 An overview of the thesis
	1.6 Expected contribution
	1.7 Publications and presentations to date

	Chapter 2: LITERATURE REVIEW
	2.1 Laser powder bed fusion process
	2.1.1 Single track formation
	2.1.2 Single layer formation
	2.1.3 Three-dimensional objects
	2.1.4 Summary

	2.2 Main concerns of LPBF
	2.2.1 Sources of defects
	2.2.2 Summary

	2.3 Quality control and monitoring in AM
	2.3.1 Destructive testing
	2.3.2. Non-destructive testing
	2.3.2.1. Introduction
	2.3.2.2 X-ray computed tomography
	2.3.2.3 Acoustic testing

	2.3.3 Monitoring of LPBF process
	2.3.4. Summary

	2.4 Acoustic methods in non-destructive testing and monitoring
	2.4.1. Introduction
	2.4.2 Theory of sound
	2.4.3 AE data acquisition and signal processing
	2.4.4 Online monitoring by AE in material processing
	2.4.5 Acoustic emission in AM
	2.4.6 Summary


	Chapter 3: MATERIALS AND METHODS
	3.1 EOSINT M280
	3.2 Powder
	3.3 Laboratory equipment
	3.3.1 Visual testing
	3.3.2 Microcomputed tomography
	General Electric phoenix v|tome|x L240/NF180


	3.4 AE data acquisition
	3.5 Design of experiments
	3.5.1 Validation of microphone placement in the building chamber
	3.5.2. Critical powder layer thickness pores
	3.5.3 Experiments with single tracks at different process parameters

	3.6 Layer thickness recognition algorithms
	Layer thickness recognition algorithm 1
	Layer thickness recognition algorithm 2


	Chapter 4: RESULTS AND DISCUSSION
	4.1. Powder layer thickness and pore formation in 3D samples
	4.2. Validation of microphone placement for AE processing during metal LPBF
	4.3 AE for LPBF process at different process parameters
	4.3.1 Powder thickness variation
	4.3.2 Influence of laser power on AE signal during scanning single tracks
	4.3.3 LPBF modes and AE

	4.4 Recognition algorithms
	4.4.1 Layer thickness recognition algorithm 1
	4.4.2 Layer thickness recognition algorithm 2
	4.4.3 Summary


	CONCLUSIONS AND FUTURE RESEARCH
	References
	Appendix



