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Abstract

This thesis is about the investigation of the spectral interaction of electromagnetic
radiation with metal powders. For this purpose, spectral data of powders for laser
powder bed fusion processes are investigated in three papers using different
techniques. In paper A the spectral radiation behavior of the laser interaction zone
is considered, in paper B and C the absorbance behavior of different metal

powders depending on their state and measurement method.

Paper A investigates the spectral signal of the process light generated by laser
material interaction in laser powder bed fusion. The detection is performed by a
coaxially guided measuring beam and a quasi-coaxial measuring beam
simultaneously guided by another scanning optics. The signal characteristics
depend on the angle of incidence of the measuring beam to the laser material
interaction zone. Using high-speed recordings and optical simulations, a model
tor describing the signal behavior could be determined. The measured spectral
intensity distribution representing the degree for energy coupling can be corrected
with a correction factor over the whole field for solid materials. This correction
includes a function describing the numerical aperture of the measuring channel
and the laser intensity on the working field. For the investigated powder, the
measurement signal fluctuated strongly and no transferable model could be
formed. The reason for this was the different absorbance behavior of the powders
investigated. Paper B therefore deals in detail with the spectral absorbance
behavior of metal powders for additive manufacturing. Using a high-precision
spectrometer, 39 powders were measured reflectively over a wide spectral range
and the absorbance determined. By varying the degree of use, aging, grain size
and impurities, various influence parameters are determined experimentally and
discussed theoretically. Based on 20 derived laser wavelengths, technically usable
wavelengths with better process efficiency and stability are proposed. From the
obtained absorbance, the efficiency of energy coupling can be estimated and forms
a broad data base for the optimization of laser parameters. In order to perform the
absorbance determinations also in situ in a laser powder bed fusion system
paper C describes a possibility of an inline absorbance determination by high
resolution coaxial imaging. A method is discussed for geometrically correct and
gapless imaging of the processing plane, recorded through the laser optics. By
imaging at six different wavelengths, metal powders can be distinguished by their
absorbance spectrum and impurities can be detected. In an experimental
implementation the functionality of the method is proven. The results are
validated by optical simulations, ray tracing and comparative measurements with

a high-precision spectrometer.
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Benedikt Brandau Introduction

Introduction

1. Organisation of the thesis

An introduction is provided to introduce the papers and to clarify the relationships
between them. The main part of this thesis consists of three papers, which are
attached in the annex.

In the introduction to this thesis, the motivation and the significance of the
research are clarified (section 2). Some basics, which are beneficial for the
understanding of the paper, are given in section 3. This includes the components
and operation of scanner optics (paper A and C), spectral interaction processes in
laser material processing (paper A) and fundamentals of the interaction of
electromagnetic radiation with materials (paper B and C). Then, the different
methods and tools used in the work are briefly discussed and evaluated (section
4). Section 5 gives a brief overview of the abstracts and main results of papers A-
C. The overall conclusion of this work is given in Section 6 and an outlook in
Section 7.

The main aspects of the three papers are shown in table 1. In paper A, the spectral
characteristics of the process light generated by the laser material interaction are
investigated. For this purpose, a concept of a quasi-coaxial measurement setup
was demonstrated, in which signals could be recorded in the complete working
area in the wavelength range of A = 300 - 3400 nm without the influence of
transmitting optical components. A correlation was found between the spatial
orientation of the monitoring system and the angular ratio of the measuring and
processing beam. A process zone that changes with the angle of incidence could
be detected via high-speed recordings. Using optical simulations of the measuring
and laser optics, a model could be formed, whereby the angle and measuring
system influences could be corrected. It turned out that the main influence of the
spectral expression of the process light lies in the intensity variation caused by the
laser optics. If the absorbance of the material to be processed is known, it can be
used to obtain information about the coupled laser energy. In order to generate a
broad data set of absorbance values as a basis, the absorbance of metal powders for
additive manufacturing was determined in paper B using a high-precision dual-
beam spectrometer. A broad wavelength range of A = 330 - 1560 nm was
investigated and 20 laser wavelengths were derived from this. In order to provide
a broad data base, values for: steels, aluminum alloys, titanium alloys, Nitinol, high
entropy alloy, chromium, copper, brass and iron ore were recorded. The materials
could be clearly differentiated by their absorbance spectrum, and differences
between grain sizes, aging and use states were visible. Since the measurements are
very time consuming and may not describe the state of the powders in the

1



Introduction Benedikt Brandau

machine, a concept was developed in paper C, which allows the determination
of the absorbance in a powder bed fusion machine. This concept includes a
coaxial imaging of the processing surface at different wavelengths and a derivation
of the absorbance from the gray values of the images. Thus, absorbance differences
can be detected geometrically correct in the complete build area and evaluated
via imaging. This allows absorbance differences in the powder caused by foreign
particles, impurities, oxidation or spatter to be detected. The technical proof was
achieved experimentally with 20 difterent powders and verified by optical
simulations, ray tracing and spectrometer measurements.

Table 1 - Thematic overview of the papers

Topic Paper A Paper B Paper C
Absorbance spectroscopy b b'e
Coaxial imaging X X
Emission spectroscopy X

High speed imaging X

Laser welding X X X
Optical simulation b'e b'e
Powder conditions X X
Ray tracing X X
Scanning optics X X

Through the research from the three papers, it is possible to create a monitoring
concept for a laser powder bed fusion machine, with which the welding process,
the powder, the coating blade and the workpiece can be monitored or the laser,
scanner and printing strategy can be controlled. The cover page illustrates the
concept of such a system and shows the three measurement strategies of this thesis.

N



Benedikt Brandau Introduction

2. Motivation of the research

Additive manufacturing (AM) is very lucrative in prototyping. For example, AM
reduces the time and cost from the design phase to production by eliminating the
need to invest in the design and manufacture of the necessary tools and fixtures.
Laser powder bed fusion (LPBF) technology is becoming a market leader in
industrial manufacturing due to its low post-processing requirements, high
accuracy and component quality [1,2]. It also enables new ways of thinking in the
design of components. Despite the large projected market growth of 14.32 % by
2024 [3], the step to complete industrialization has not yet been reached. A major
problem lies in process know-how and the variety of possible manufacturing
errors [4]. With printing times of one day up to weeks, a work piece defect means
enormous economic losses. For this reason, technologies for process monitoring
up to self-regulation of print jobs are the most promising research focus in order
to make LBPF more sustainable and industrially ready [5,6].

There are already several machine concepts or research work on monitoring
strategies, and many processes are now established in commercial systems [6].
However, there are still many unexplored phenomena and interactions that lead
to component defects. This thesis will explore new possible optical techniques for
AM (paper A and C), investigate phenomena of laser material interactions (paper
A) and discuss principles of measurement techniques (paper B). In cooperation
with JENOPTIK, which as an original equipment manufacturer produces many
core components for laser material processing machines, the results of this work
will influence optics or machine designs. Optics for beam guidance, beam
manipulation and beam shaping can then be specifically designed regarding

monitoring.

The work was done in collaboration with Lulea Technical University, Fraunhofer
Institute for Materials and Beam Technology and JENOPTIK Optical Systems
GmbH.
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3. Technological and scientific background

In the following chapters of this thesis, the theoretical basis for the aspects and
methods discussed in the three papers will be introduced. This includes design
criteria for optical components of laser material processing and fundamentals of
laser material interaction. The different possibilities of process monitoring are not
turther described in the introduction. A comprehensive research on this topic can
be found in the attached papers A and C.

3.2 Laser- material interaction

Albert Einstein established the cornerstone for major revolutionary innovations
in many scientific fields and especially in manufacturing technology in 1917 with
his publication: "The Quantum Theory of Radiation". He described for the first
time that in addition to the known emission by relaxation of thermally generated
electrons, as for example in filament bulbs, spontaneous and stimulated emission
also exist [7].

In the following years it was shown that it is possible to induce a discrete emission
by a present radiation field [8]. This led to the development of laser technology
[9]. Where laser is an acronym and stands for "light amplification by stimulated
emission of radiation". The term laser has too become established as the name of
a device that emits coherent radiation. Compared to thermal relaxation emission
sources, a laser offers the advantages of high monochromaticity and spectral
energy density. In addition, it has a large temporal and high spatial coherence and
the generation of very short light pulses is as well possible [10]. The elementary
basic mechanism that enables these advantages is the external excitation of an
atomic system and the emission of discrete electromagnetic waves when it falls
back to the lower-energy state. The frequency condition with frequency v, the
Planck constant h, the fundamental energy level Ey and the excitation level E;
applies (equation 1).

El_E():h'V Equl

Furthermore, an electromagnetic wave with the propagation speed ¢y and the
wavelength A4 in vacuum can be described by the simple relation from
equation 2. Thus, by means of the frequency condition, a statement about the
energy E; required for the excitation is made, which must be greater than or

equal to the photon energy E}, (equation 3).
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o=V -4 Equ. 2

h-c Equ. 3
Ei2Ep=hv=—> a

The aim is to obtain a population inversion by adding energy, which is called

"pumping", to the stimulation energy [11]. A population inversion is achieved
when a larger population density occurs in the energetically higher, than in the
energetically lower levels. The excitation can be achived optically by flash tubes,
LEDs or other lasers, but also by a current flow or impulse excitation [11,12]. If
there is a population inversion in the system after the excitation, the reversion to
an energetically lower level can be induced by another external action. This
process is known as stimulated emission. Materials that are capable of this are
called laser-active media. This can also be divided into three groups [12]. Gas
phase lasers such as excimer or noble gas lasers, diode lasers based on
semiconductors and the solid state lasers. In the case of the latter, the laser-active
medium is in the form of a fiber, a disk or a rod. By doping the base material,
wavelengths from the visible (VIS) to the infrared (IR) spectrum can be covered.
Examples of laser active media for solid state lasers are Tisapphire,
Nd:YttriumAluminumGarnet (YAG) or Yb doped glass fibers. Ytterbium fiber
lasers with a central wavelength of 4 = 1070 nm are the most commonly used
laser source in LPBF systems [13]. In general, the advantage of solid-state lasers is
their long lifetime together with the high achievable power. Therefore, solid-
state based lasers are preferably used in industrial laser material processing [14,15].

In the following, some laser material interaction processes are described, which

form the basis for material processing and process monitoring.

321 Transmission

When laser radiation hits a medium, the electron system and the atomic network
interact with the photons [16]. The lossless propagation of radiation in a medium
is known as transmission. This occurs when the band gap is greater than the
photon energy of the laser. This is known as transparency of the medium to the
spectrum. In laser technology, the mechanism of transmission finds its main
application in optical elements for beam delivery and beam shaping [17,18].
Typical materials are optical glasses, because the band gap of most glasses is larger
than the photon energy of visible light.
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Hence, light propagates in a vacuum at the constant speed of light ¢y regardless
of its wavelength, while the speed of light in a medium, such as a glass, assumes a
value ¢ < cy. A beam of light is an electromagnetic wave and can be simplified
by describing the propagation of light as a transversely limited plane wave [19,20].
An electromagnetic wave is built up from a superposition of an electric wave and
a magnetic wave perpendicular to it with the same direction of propagation [20].
Therefore, photons interact with the electric and also magnetic fields of matter.
The propagation velocity in a medium can be determined with an extension of

equation 2 with the permittivity € and the permeability p (equation 4) [21].

Equ. 4
c=—'v -4
VEU
n=n'+ik Equ. 5
c

_ Equ. 6
v A \/g_#

During the transition of a light beam between optically different dense media, a
change of the propagation speed and of the propagation direction as well occurs.
This process is called refraction and is described by the dimensionless refractive
index n. The refractive index is composed of a real part n’ and an imaginary part
of a complex number ik (equation 5). The refractive index is also proportional to
the root of the permittivity and permeability and directly dependent on the
frequency and wavelength used. Equation 6 shows that different wavelengths are
refracted to different degrees [22].

The wavelength dependence of the refractive index is called dispersion.
Dispersion describes the frequency- and substance-dependent propagation speed
of electromagnetic waves in a medium [16]. Since permittivity and permeability
are temperature-dependent, media with different temperatures also have different
dispersion and refraction behavior. Thus, an optical system made up of the same
glasses at different temperatures in addition shows different imaging properties
[23]. To describe the dispersion of difterent glasses in the visible range, the

dimensionless Abbe number V4 was introduced as a material parameter.

3.2.2 Absorption

Interactions of photons in a transparent medium can still occur. This is the case at
high intensities as in high-power lasers or ultrashort pulse lasers (USP) in the form

6
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of nonlinear multiphoton processes [24]. Here, due to the high photon density,

several photons can interact simultaneously with one electron [25].

For example, two photons hit an electron simultaneously and the energy is
adequate to lift the electron from the ground state to a higher energy level [26].
The result is the absorption of the two photons [25,26].

However, the simplest case is the linear absorption process. This occurs when the
energy of the photons is greater than the band gap of the medium. The energy is
transferred to an electron, which thereby changes to a higher energy state within
its atom. In this case, the conservation of energy applies, which means that a
corresponding level with the appropriate energy difference must exist in the atom.
Electrons can therefore change from the valence band to the conduction band.
Unbound electrons have a very strong interaction with electromagnetic radiation.
Here materials, such as metals, have largely no transparency. If the photon energy
from parts of the visible spectrum is equal to the band gap energy, the material
has a color. The energy absorbed by the electrons can be re-emitted in the form
of radiation or as a non-radiating transition, phonons. The latter lead to a heating
of the material [27].

The emission of photons can be described analogously to absorption. An excited
electron will always relax back to its ground state. For this, it must emit energy.
The energy E,, lies between the two energy states Eg and E;, as shown in

equation 7.

Em = E1 - EO Equ 7

The wavelength of the emitted photons is very strongly element-dependent.
Conversely, the absorption is also strongly dependent on the wavelength and the
chemical composition of the material. Therefore, different materials exhibit
specific absorption spectra. By measuring emission and absorption spectra, the

elemental composition of materials can be determined.

Metals form three absorption categories due to their energetic structure [28-30].

Exemplary absorption spectra for the three categories can be found in figure 1.

Transition metals are characterized by a constant decrease in absorption with

increasing wavelength. Typical elements are iron and titanium.

Multivalent metals, e.g., aluminum and magnesium, exhibit low absorption over
the entire wavelength range, except for sporadic interband transitions. These
interband transitions are triggered by the absorption of a photon.
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The third category, noble metals such as gold or copper, show constant low
absorption in the near and far infrared regions, but a significant increase in the
visible region of the wavelength spectrum. This can be explained by relativistic
effects of the electron orbitals. The higher number of atomic charges increases the
electrostatic attraction of the atomic nucleus to the electrons. The s orbitals
contract and the p orbitals expand, resulting in a smaller band gap. The resulting
energy difference corresponds to the wavelength of the absorbed light. In copper,
for example, high-energy blue to green photons are absorbed, leading to electron

transitions. The red spectral range, on the other hand, is reflected, resulting in the

reddish shine.

transition metal
polyvalent metal

noble metal

fuppy

100 1000 10000
‘Wavelength [nm]

Figure 1 - Comparison of exemplary absorption spectra of transition, polyvalent
and noble metal.

323 Reflection

Besides absorption and transmission, the last mechanism is reflection. In this
process, a photon interacts with an electron or an atom in the material, from
which it is absorbed and immediately re-emitted. The resulting effect of this

process is called reemission and is what is noticed as reflection. [24]

In classical electrodynamics, the incoming photon can be assumed to exhibit
wave-like behavior due to wave-particle duality [31]. As already describes, the
waves consist of a magnetic field and an electric field [20]. The oscillating electric
field of this wave interacts with the atomic structure when it hits a medium and
polarizes the atomic dipoles. It causes the dipoles to shift slightly and to oscillate.
Due to the oscillation, the dipoles emit electromagnetic radiation with the same

frequency of the excitation wave. By the Huygens-Fresnel principle it is known

8
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that this emission is a spherical elementary wave, which originates from any point
hit by a wave front [32]. The wave front is perpendicular to the passing light beam
and is a point of the same phase. The elementary waves interfere with each other
and form a new wave front in the same plane and angle to the normal as the
incident wave front. Thus, the angle of incidence (AOI) o is equal to the angle
of reflection 6, and the law of reflection (equation 8) applies [32].

oc=o0 Equ. 8

An additional wavefront extends into the material and forms the transmitting
beam. Further propagation of a wavefront in other directions is not possible due
to interference-induced annihilation. Due to the unbounded electrons in metals,
the probability of photons interacting with the electrons is very high. For this
reason, all metals have a very high reflectivity for large parts of the spectrum. For
a more detailed consideration, Fresnel's formula must be used [33]. For the angle
of incidence o the reflection of the parallel polarized part (R,) can be described
with equation 9. Here n’ is the real part and ik is the imaginary part of the
complex refractive index. For the perpendicular polarized (Rg) component
equation 10 applies. P-polarized light is the portion where the magnetic field of
the electromagnetic wave is perpendicular to the plane of incidence. S-polarized
light, on the other hand, is the portion where the electric field is perpendicular
to the plane of incidence [34]. The complete reflection is given by the

superposition of Ry and Ry, from equation 11.

(e B, 9
R — cos o
p= 2
2 11,2
(n + Cos 0) +ik
_ (n'? —coso)? + ik? Equ. 10
S (0?2 + cos0)? + ik?
R=R,+ R, Equ. 11

Reflection occurs at a material transition with a refractive index difference. The
reflection depends on the refractive index of the output medium nq, on the
refractive index of the input medium n,, on the polarization of the radiation and
on the angle of incidence 0. A special case plays the normal incidence, which

allows the simplified calculation of the reflection R (equation 12).
_ (nl - nz)z Equ 12
(g +1y)?

9
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The relationship as well as the proportion of transmission T, absorption A and

reflection R can be generally described by equation 13.

R=1-(T+4) Equ. 13

On technical surfaces, such as a powder surface, a single beam can be reflected
several times (figure 2) [35,36]. The sum of the individual reflection processes is
known as reflectance. With each reflection, a portion of the light is also absorbed.
Therefore, the more reflections occur the more the sum of the absorption
increases (absorbance). On an ideal surface and on the top of the particles (1 and
2) the light reflects directly. However, multi-reflections between different
particles (3) and complete absorption can occur if the beam is trapped (4). The
consequence is that the effective part of the light reflected from the surface is
lower than in the case of an ideal surface [35,36].

(2) (b)

Figure 2 - Comparison of the reflection of an (a) ideal surface with a (b)
technical surface based on the example of a powder. 1 and 2 shows the direct
reflection, 3 show a multi-reflection, and 4 a beam trap.

3.3 Laser material processing

3.3.1 Laser melting and welding

In industrial production, laser welding has become established as joining
technology due to the good properties of the produced weld seam [37]. On the
one hand, there is the possibility of a large aspect ratio, on the other hand, the
heat affected zone (HAZ) is very small compared to other welding processes [38].
Furthermore, there is no wear of the tools, such as electrodes or nozzles.
Furthermore, laser welding has a very high automation potential and is nowadays
mostly carried out completely automatically [39]. Thus, the processing speed of

10
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materials can be greatly increased with the help of laser applications, which leads

to better cost efficiency in production [39].

With a suitable selection of the laser source, most of the energy is absorbed as
described in the previous theory. The energy absorbed locally at the material
surface is conducted into the material in the form of heat [40,41]. This leads to
melting and, in some applications, to vaporization of the material. Convection
causes mixing of the molten material and after cooling a weld is formed [42].
Depending on the material to be welded, the melting zone is protected by a
shielding gas. This prevents oxidation of the molten material [43,44]. Depending
on the laser intensity I used, a distinction is made between heat conduction
welding  (typically I; < 106 W/cm? and deep penetration welding
(typically I, > 106 W/cm?) [12].

In heat conduction welding, the material is heated locally to above its melting
temperature and this heat is conducted non-directionally into the rest of the
material. A radially symmetrical temperature gradient is created, resulting in a
weld seam with a circular cross-section. However, due to the low intensity of the
laser radiation and the resulting low energy input into the material, the welding
depth is strongly limited in this application [45].

In comparison, for example aspect ratios of 10:1 [46] can be achieved in deep
penetration welding. The radiation intensity of the laser is increased via the
threshold intensity of the vaporization of the material. Due to the high laser
intensity, not only a melt is formed, but also a vapor capillary is produced, which
is known as a keyhole [12]. A cloud of metal vapor is emitted from the keyhole
toward the top of the material [47]. The metal vapor is clusters up to single neutral
metal atoms. Viewed from the outside, the metal vapor emits a continuous
spectrum, similar to that of a light bulb. The laser radiation is absorbed in the
generated metal vapor, so that the metal vapor heats up strongly. As the
temperature rises, the emitted spectrum is shifted in the direction of the shorter
wavelengths. Depending on the laser power, a laser-induced metal vapor plasma
can result from direct absorption or in combination with impact excitation. A
plasma is present when unbound electrons, atoms and ions are present
simultaneously. Furthermore, plasma leads to an emission of discrete spectral lines
which show a characteristic emission spectrum depending on the elements.
Additionally, the plasma leads to a better coupling of the laser radiation into the
melting zone and thus to a significantly higher absorbance compared to a solid
material surface [48]. The vapor capillaries transfer the energy of the laser deep
into the material. This allows deep welds to be produced. The energy is almost

11



Introduction Benedikt Brandau

completely converted into heat, as multiple reflections of the laser radiation within
the keyhole cause it to be almost completely absorbed [46]. The result of the
welding process depends on the formation and shape of the keyhole. The material
1s melted in the feed direction of the laser at the front of the keyhole. A part forms
the melt, the rest is vaporized, but the proportions depend on the laser power
[46]. When there is no more energy input by the laser, the keyhole collapses and

solidification of the melt occurs.

3.3.2 Laser powder bed fusion

Laser powder bed fusion or also known as selective laser melting is based on layer-
by-layer melting of a powdered material [49-51]. LPBF can be compared with
laser joining. In this respect, the assumptions of laser joining can also be adopted,
to a certain point, for LPBF [52]. The starting point is a 3D model and the layer
model of the workpiece to be printed which is derived from it. The individual
layers form the exposure masks, which are rasterized by a laser. Figure 3 shows
the workpiece generation process in detail. First, a thin layer of the metal powder,
from a powder reservoir is applied to the build platform by a powder application
system. The powder application system can be a roller or a blade. The only
important factor is the uniform layer thickness produced. The laser then melts the
areas of the powder that were calculated according to the layer model at the
corresponding material height. When melting the powder, the laser parameters
must be selected in such a way that both the corresponding powder layer and part
of the underlying already solidified metal layer are melted. This creates a solid part
with theoretically absolute density [51]. Depending on the material, workpiece
and scanning strategy, the use of a keyhole is necessary for this purpose, as this

building
new powder layer l guided laser platform

| g

(a) apply (b) selective (c) lowering (d) finished
powder layer laser melting the building workpiece with
platform support structures

Figure 3 - Simplified illustration of a laser powder bed fusion process. The
processes steps (a) to (c) are repeated until the finished part (d) is produced.
12
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guarantees sufficient melting depths for the layer to bond to the entire
component. During the melting process, attention must also be paid to the
distance between the individual laser lines, the so-called hatch distance, so that
the entire material is melted and thus closed surfaces are produced. Furthermore,
attention must be paid to a uniform energy input into the powder bed in order
to keep thermal stresses in the workpiece as low as possible. The thermal energy
can be dissipated by already printed structures of the part or by support structures
[49]. Also, the thermal input can be kept constant by adapted scan strategies, via
a uniform sequential exposure over the entire powder bed [53,54].

In the next step, the build platform is lowered by the thickness of a layer and the
entire process is repeated until the component is finished. The positioning of the
laser on the powder surface is realized via a computer-controlled robotic arm with
a processing head or a laser scanning system.

A brief description of the process can be found in the appended papers B and C.

3.4 Spectral process signals

Many variations of process monitoring have developed for laser welding and these
can be applied to LPBF [55,56]. A broader overview of current research can be
found in the attached paper C. In this thesis, the focus will be on the optical
monitoring of the process or the feedstock. The spectral measurement and the
determination of the absorbance spectrum of the powders with the associated

theory are described in more detail in papers B and C.

In the following, some theoretical background will be clarified, on which the
evaluation of spectral measured process signals is based. The theory that can be
used to evaluate the laser material interaction in the process using the spectra
recorded with the setup from paper A. For the evaluation, it is assumed that the
excitation for the induced emission is thermal or optical, via absorption of the
laser energy [57]. The radiation source can therefore be the melt, the metal vapor
or also the plasma, which is generated by the laser material interaction. Depending
on the excitation, material and laser intensity used, they emit a characteristic
spectrum [58,59].
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3.4.3 Emission line spectrum

The simplest spectrum is a line spectrum. It consists of one or more spectral lines.
These can be emission lines or absorption lines which cut into an existing
continuous spectrum. They are almost completely formed by transitions between

discrete energy levels in the atom.

Thereby the width of the line is first given by the natural line width, due to the
uncertainty principle according to equation 14. With a limited lifetime of the
energy level T with a photon energy E), as in equation 3 a limited width of the

spectral transition results by equation 15.

E,-t=h/2n Equ. 14
Av > Equ. 15
2w T

The natural line width is the minimum width that each spectral line owns.
Furthermore, additional line broadening occurs due to temperatures and pressure
[60]. At temperatures above 0K, thermal oscillations of the atoms occur and cause
a broadening of the energy levels. The frequency of the emitted light is thus
affected by a shift due to the Doppler effect [61]. In plasmas, a special case can
occur, where the expected observed spectral lines are smaller or not measurable
at all. This can be caused by self-absorption, where the radiation emitted by the
relaxation is immediately absorbed by another electron in an atom [62]. The

emitted energy must behave analogous to equation 3 from chapter 3.2.

In deep penetration welding line spectra are generated in laser induced plasma
[63]. From knowledge of the characteristic atomic transitions, conclusions can be
drawn about the qualitative and quantitative composition of the welded material.
If the composition is known, the temperature of the plasma and therefore the
energy introduced can be derived. One possible method is the determination of
the electron temperature from the spectrum [63,64]. From this, the energy input

into the material can be derived as a result of the formation of a plasma.

3.4.4 Spectral measurements of electron temperature
The requirement for determining the electron temperature is that free electrons

are present. That is the case in a plasma. After the dissociation of the atoms, the
lightweight electrons have more energy than the atomic nuclei. As a result,
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thermal equilibrium within the vapor can no longer be assumed [64]. The result
is a division into electron temperature, ion temperature and degree of ionization.

The comparison of the intensity of two spectral lines of an element is suitable for
the calculation of the electron temperature [63—68]. The basis of the calculation
of the intensity difference is given by equation 16. For this, the degenerate energy
levels of the atom gy, the transition probability p, the Boltzmann constant k and
the wavelength 4, that is emitted during the transition, must be known [58,59,66].
The emitted energy Ej, at the transition can be calculated analogous to equation
3 from chapter 3.2. The transition probability can be derived using Boltzmann
statistics. The indices 1 and 2 stand for the spectral lines 1 and 2 selected for
comparison.

I_l_pllgm1')'2_e—&n:}€;7vfm Equ. 16
I, Pz'gmz'/h

Rearranged, equation 16 can be used to directly determine the electron
temperature T, (equation 17).

¢ k-1 (11'.02'9m2'/11>
-In
L p1 Gm, A2

The evaluation and monitoring of such a signal is not very computationally
intensive, which speaks for the implementation in an in-situ monitoring [65]. In
this case, the only thing that needs to be considered when selecting the lines, is
that they are free of self-absorption [69]. If the spectral lines are constant over the
entire process, the electron temperature is as well and homogeneous processing
can be assumed. Fluctuations in electron temperature may indicate defects in the
process due to too high or too low energy input [64]. This can cause voids, pores,
inclusions and delamination of the single layers. If the process control does not
allow such a high laser intensity that a plasma can form, other spectral signals must
be used.

3.4.5 Countinuous emission spectrum

A continuous spectrum is composed of many individual emission lines. The
distances between the lines go towards zero, so that they can no longer be
distinguished from each other. Almost all measured spectra have a continuous
component, but this can vary in intensity. Even with very narrow line spectra, a
continuous background exists as error noise. Especially solids show a continuous
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emission spectrum [70]. Responsible is a multitude of different effects [71].
Because of the high density of atoms within the solid, the electron shells of the
atoms overlap and broad energy bands are formed instead of discrete independent
levels. This increases the number of transitions allowed. Defects in the lattice
structure result in further transition possibilities between the energy bands.
Furthermore, phonons occur in solids. They are the reason for a continuous
spectrum in the infrared region. If the temperature of the material increases, the
spectrum shifts to shorter wavelengths. This phenomenon is known as thermal
radiation [72].

The intensity and shape of this signal can be described by Planck's law of radiation
(equation 18) [72].

Mo = kq 1 Equ. 18
er F(e"z/”t — 1)
ky=2m-h-c? Equ. 19
h-c Equ. 20
kz = k

The specific spectral radiation M,; depends on the vacuum light speed ¢, the
Planck constant h, the temperature T, and the wavelength A of the emitted
photon. The constant k; can be determined by equation 19, the constant k, by
equation 20.

However, that is only valid for a black body emitter (emission coefficient
er = 1). Real bodies have an emission coefficient which can be much smaller and
depends on influences like angle of incidence, angle of radiation, wavelength and
surface condition [73]. For real bodies, a further simplified assumption can be
made as gray body emitters. Here €7 can be applied as an independent constant
[73]. The specific spectral radiation M,  results in the case of a gray body emitter
by a multiplication of the emission coefficient €y with M,; according to

equation 21.

MGE)]. = ET " Me/‘]' Equ 21

3.4.6 Temperature measurements via gray body emitter

Assuming that the process under consideration behaves like a gray body emitter,
the emission spectrum of the material can be measured in order to determine €.
The spectrum chosen should be taken to be close to that of a known phase
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transformation. The process can be recognized in the melting of the material or,
in the case of evaporation, at characteristic spectral lines in the spectrum. In the
case of the latter, these lines only have to occur sporadically and do not have to
have a particularly significant intensity. In the next step, equation 21 1s fitted to
the measured spectrum. Since the temperature of the material is known as the
melting or evaporation temperature, the only variable left is €7. Using € as a
fitting parameter, it can be utilized to determine the specific spectral emissivity
for any given spectrum. From the emissivity spectrum of the gray emitter, the
temperature can be derived via Wien's displacement law [74]. This results in an
inverse proportionality between the temperature and the wavelength of the
maximum spectral intensity A4, (equation 21). By rounding the constants, a
very simple formula for the estimation of temperature or maximum spectral

intensity wavelength is given (equation 22).

h-cg Equ. 21
T, =——0
AmaxT, 4,966 - k
3000 Equ. 22
‘ Amax

In this way, the temperature of the laser material interaction can also be derived
from a continuous spectrum [63,75]. A statement about the melt pool
temperature, penetration depth and the energy input are possible [76].
Technically, this can be realized in process monitoring in a simplified way using
pyrometers. Depending on the design, they measure the intensity of one or two
spectral ranges and evaluate these via the gray body emitter behavior [77].
However, knowing the exact material and €7 is a requirement. Another difficulty
is measuring the signals in the system, which usually deviate from the laser
wavelength. Since the optical components in the laser powder bed fusion systems

are primarily optimized for the laser.

3.5 Laser system components
3.5.1 Laser scanner

The core of every laser powder bed fusion system is the element for positioning
the processing beam on the powder bed. In addition to a fixed optics which
moves laterally along the x-y-axis and scans over the powder bed, the use of a 2D
scanner with movable mirrors has established itself industrially [78]. These
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scanners consist of two mirrors moving rotationally around one axis, that deflect
the laser beam over the material surface. In the beam propagation direction, the
laser beam first hits mirror 1, which rotationally deflects the beam onto mirror 2.
Mirror 2 is typically oriented with its axis of rotation normal to the axis of rotation
of mirror 1. The constellation allows a deflection in a direction normal to the first
deflection direction. The mirrors have significantly smaller masses than an entire
processing head. This allows very high dynamics and thus increased process speed
[78]. Further advantages are the small footprints and the low maintenance.
Technically, there are two scanner principles that have become established in laser

material processing.

The faster polygon scanners (figure 4 b) [79], due to their fixed process direction
(scanning only in x or y direction), only find applications in LPBF in some
research work at present [80,81]. In these scanners, mirror 1 (laser side) consists
of a polygon rotating at high and constant speed. This creates a scanning motion
in a defined spatial direction. The beam deflected by the polygon hits a
significantly slower mirror 2 (workpiece side) suspended on a galvanometer
motor. That’s leads to the second deflection of the beam. Due to the constant
process direction, material buildup occurs in the LBPF at the end of the scan path.
In addition, the surface quality of the components decreases, since no closed
contours can be scanned. This type of scanner is preferably used for processing
semiconductors, such as structuring solar cells or exposing printed circuit boards

[82].

() (b)

Figure 4 - Schematic representation of (a) x-y-axis galvanometer scanner and (b)
polygon scanner.

In the LPBF, on the other hand, a scanner principle consisting of two mirrors
moved by galvanometer motors has become established (figure 4 a). A deflection
of the beam is possible in the scan field without gaps and with the same speed in
both spatial directions.
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As with polygon scanners, the galvanometer scanner with two difterent rotation
points for the x and y deflection causes so-called image field distortion [83]. This
pincushion-shaped image distortion is caused by the different distances between
the mirrors and the plane in which the laser beam is deflected (figure 5). The
distance between mirror 1 and mirror 2 depends on the scan angle. A larger scan
angle leads to a larger distance between the mirrors, whereas the distance of the
second mirror to the image field plane remains constant. The result is a different
ratio of the two distances and a varying effect of the angle ¢;. Hence, the
movement of one mirror does not lead to a rectilinear movement of the spot in
the focal plane when the second mirror is constant. Consequently, an identical
angle for mirror 1 (x-axis) and mirror 2 (y-axis) leads to an unequal amount of
deflection on the image field. Thus, the distance F traveled is proportional to the
focal length f and the tangent of the scan angle 8 (equation 23), whereby the
scan angle results from the deflection angle of the mirrors (equation 24) [12,83].
The scanning speed of the laser beam on the image field is affected by that, too.
It is not directly proportional to the angular speed of the respective mirror. The

mirror 2

@1

mirror 1

focal plane

Figure 5 - Angular relationship of the mirrors of a 2-axis scanner with the
pincushion image field distortion caused by the axis distances
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distortion of the image field increases with increasing distance between the

rotation axes of the mirrors.

F(xly) = Zf - tan 9(x|y) Equ 23
Oly) = 2012) Equ. 24
The distortion error can be compensated for the most part by software using
specific control of the scanner mirrors using so-called correction files (look up
tables) [83]. For this purpose, the geometrically correct image field positions are
linked with the corresponding scanner angles. Fast Steering Mirrors (FSM) or the
much smaller digital mirror devices (DMD) are hardware alternatives [84,85]. In
both systems, a mirror surface is caused to oscillate at a resonant frequency by
piezoelectric or electromagnetic eftects. Depending on the excitation, a deflection
in x and y direction is thus possible simultaneously at the same center of rotation.
Due to the resonance frequency, however, only points in the working field can
be approached which lie on the path of a Lissajous curve. Another disadvantage
is the currently low power stability. For this reason, they are currently only used
experimentally in 3D printers based on stereolithography (SLA) and digital light
processing (DLP) technology [86].

Widely used is the correction of pincushion-shaped image field distortion by the
optics which are used for beam focusing as well [87].

3.5.2 Category I: post-objective scanning

Focusing is an important tool to achieve an increase in intensity at low cost. Beam
focusers can be reflective, allowing high optical powers to be used, or
transmissive. The latter devices have a simpler design and can be designed much
more compactly. Scanning methods with beam shapers are divided into two
difterent categories [88], which are currently used equally in LPBF systems. A
visual comparison of the two systems is shown in figure 6.

In post-objective scanning (PoOS), the scanner unit is located between the beam
focuser and the working plane. If a single-focused beam is deflected via the
scanner, the fixed focal length and the rotational movement result in a focus
position that describes a spherical surface. In addition, there is an additional three-
dimensional distortion of the spherical surface due to the mirror spacing described
in the previous chapter. This is compensated by a so-called optical z-axis, which
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(a)

Figure 6 - Schematic representation of (a) a post-objective scanning system with
beam focusing via an optical z-axis (voice coil) and (b) a pre-objective scanning
system with focusing via an F-Theta

realizes the correction of the focus position typically by a focusing telescope
arrangement. The z-axis is another active element. The axis has to be controlled
simultaneously to the scanner. In the look-up table for the 2D field position, each
2D coordinate gets a third value for the z-position of the focus position. This
transforms the actual curved focus position into the plane of the scan field.
Constructively, this can be solved, for example, via a lens embedded in a moving
coil actuator. By means of a moving coil in a static magnetic field, the coil can be
positioned by applying a current [89]. Consequently, the movement of the lens

causes a change in the focus position of the beam.

The advantage is a dynamically adjusted focus position, that allows angled or
three-dimensional components to be machined without changing the setup [90].
It enables very large build-up field sizes, that can be derived trigonometrically
from larger working distances. Temperature drifts in the form of focus shifts
occurring during long machining operations can be corrected more easily, too
[91]. By selective defocusing above or below the actual machining plane, the
effective diameter of the laser spot on the workpiece can also be adjusted in the
case of a Gaussian beam. Furthermore, PoOS systems are very well suited for
process monitoring on wavelengths deviating from the laser. Due to the reflective
beam deflection, there is no lateral chromatic color error.

The disadvantage is a decreasing dynamic range due to the mass of the moving
lenses, which is usually limiting compared to the scanner. The component also
requires more maintenance than passive optics. With large scan angles, there
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is another disadvantage from a process point of view. Because of the variable
deflection angle, paraxial ray of the output beam which are projected onto a
plane is oblique to the optical axis. This is known as the angle of incidence
(AOI) o of the laser on the process plane. From a circular spot, an ellipsis is
created with the long major axis oriented to the scan field center. Due to the
difterent spot sizes and the distortion of the circle, an AOI-dependent laser
intensity distribution is created. This can lead to a non-constant process, such
as a different formation of the melt pool or keyhole. With increasing AOI,
the penetration depth of the keyhole decreases in response to the decreasing

laser intensity (figure 7).
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Figure 7 - Normalized intensity distribution of the laser focus and resulting
normalized dimension of the keyhole (trend illustrated) for the scanner position
of the center and for a2 maximum position of an axis.

3.5.3 Category II: pre-objective scanning

If the scanner is located between the laser source and the beam focuser, this is
referred as pre-objective scanning (PrOS). Here, focusing is enabled by passive
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optics. This achieves higher dynamics, 1s designed for high-power applications
and requires no additional control technology.

Similar to PoOS, a single spherical lens results in a spherical focal plane [92].
Therefore, in a planar image field, different spot diameters are present. For
this reason, the concept of the flat field scanning lens was developed. Especially

in laser material processing, the subclass of the F-Theta lens finds its application

[87].

3.5.4 F-Theta focusing lens

The laser deflected by the scanner is focused on a fixed plane over the entire scan
angle range. The special feature of the optical design of F-Thetas is that they are
designed in such a way that a barrel-shaped image field distortion is generated,
which counteracts the pincushion image field distortion of the scanner [87,93]. A
complete compensation of the distortion is not possible. The result is a

combination of both distortions (figure 8).

(a) pincushion image (b) barrel image (c) moustache image
field distortion field distortion field distortion
through scanner through F-Theta through F-Theta

and scanner

focal plane

Figure 8 - Different image field distortions of the components in laser scanner
systems

Since the pincushion image field distortion through the scanner is axisymmetric
and that of the F-Theta is point-symmetric due to the spherical lens. The outcome
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is a low mustache image field distortion [93,94]. The lenses are optimized to the
point where direct proportionality between the field position f and 6 with the
focal length f is now possible (equation 25). If this is fulfilled, the F-Theta relation
is given [95].

F(x;y)=2f-6 Equ. 25

In optical design, this condition is typically met to an accuracy of 0.1°. However,
this only applies to beams originating from the entrance pupil of the F-Theta.
The distance of the entrance pupil A, is defined as the origin of the deflected laser
with the maximum possible beam diameter of the laser. In systems with one scan
mirror, the maximum beam diameter can be selected, in contrast to systems with
two mirrors. Here, the pupil is placed between mirror 1 and mirror 2, and the
distance between pupil and mirrors should be equal and minimal. Consequently,
the diameter of the laser increases due to the deflection of the mirrors and the
resulting broadening of the beam at the origin of the center of rotation. The
entrance pupil diameter Ap necessary for the design results from the entrance
beam diameter Dgp, the deviation of the ideal position of the entrance pupil L
and the maximum deflection angle of 8,4, according to equation 26. A graphical

overview of some parameters is given in figure 9.

2L Equ. 26
AD = DEB [1 - (D_tan gmax )] e
EB
dl qul 27
Ap = 7 + d2

Using 6,4, together with the focal length f, the diameter of the scan field Dg

can be calculated (equation 28).

Dp=2f" Onax Equ. 28

In this respect, a larger focal length enables a larger scan field. In turn a larger
tocus diameter Dg appears. The focal diameter also depends on the focal length
used and the input beam diameter Dgg. Depending on the beam source and the
definition of the spot, an aposidation factor { must also be taken into account,
which describes the clipping of the beam [12]. For a Gaussian input beam which
is truncated at a Dgg = 1/¢°, the factor is { = 1.83. For an input beam with the
same intensity distribution over Dgpg, a so called "tophat", Dg can be estimated
with { = 2.44. These estimates would only be valid for diffraction limited optics
with an angle of incidence o possible for the F-Theta and scanner (equation 29).
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u. 29
Dg = (( . A-DLEB)/COS(G) Ea

0 depends on the position of the focus in the working area. Consequently, the
spot size is not constant over the working field even with F-Thetas. Furthermore,
the moustache image field distortion through F-Theta and scanner also influences
Dg. An accurate prediction of the spot size in the field can be made by optical
simulations. Figure 10 shows a typical simulation plot of the spot size variance for
an F-Theta. Similar to the PoOS systems, o causes an ellipticity of the spot, with
symmetry in direction of the field. However, much smaller angles occur here,

leading to a lower ellipticity.

second cardinal plane

Figure 9 - Schematic illustration of the sizes and parameters for F-Thetas

There are special F-Thetas where 0y = 0° for all working area positions, they
are called telecentric F-Thetas [93]. The telecentric quality of normal
F-Thetas is given by the telecentric angle, which is the maximum angle of
incidence o0 of the paraxial beam of the output beam [96]. Figure 11 ¢ shows an
exemplary design of a telecentric F-Theta. This special form of F-Thetas is
characterized by its homogeneous processing of the working field by the identical
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AOI. Because Oy = 0° for paraxial beams, the individual lenses must have at
least one diameter of the working field Dg. Therefore, due to the cost-benefit
factor, only smaller working fields are covered with such lenses. Similar to optical
distortion, due to different symmetries of a two mirror scanner and the F-Theta
Oy 7 0°. A telecentricity error (typically Omax < 1.5 ©) occurs, because no mirror

is on the entrance pupil in a two mirror system.

(a) maximal spot size variance (b) maximal spot ellipticity
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Figure 10 - Optical simulation of (a) the factor for the spot size variance and
(b) the ellipticity in the working field with an F-Theta. The ellipticity
describes the fraction of the ellipse axis in direction of the field and
perpendicular to 1t. The position 1 describes the maximum possible field
position and angle of incidence.

With larger input beams, a smaller focus is possible. The maximum possible Dgp
and the focal length f are the adjusting screws [97] for the estimation of possible
applications with PrOS optics. Compared to simple lenses, the focal length of
F-Thetas does not describe the real working distance. The optical eftect of the
complete F-Theta is thereby summarized on an ideal thin lens. The focal length
expresses the theoretical distance between the second cardinal plane of the ideal
thin lens and its paraxial focus point. The working distance for F-Thetas is
expressed by the back working distance (BWD) and describes the free distance
between the last optical surface and the focal plane. In optical design, F-Thetas
are made possible by a combination of meniscus, plano-concave, plano-convex,
biaplanatic, concentric and confocal-aplanatic lenses [87,96]. The tuning among
them is achieved by selecting optical lenses with different refractive indices and
defined air spacings between the lenses. A characteristic design can be found in
figure 11 b. Preferably, the first lens is designed as a plano-concave and the
following two as plano-convex. In the simplest case, the surfaces curvature

C,,C3,C5 = 0 are kept for this purpose. In this case, the plano-convex lenses
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can be made from the same optical glasses. Typically, a combination of crown
and heavy flint lenses is used because the large difference in refractive index allows

a compact design and less material [96].

(a) (b) (© .
‘ C, - I

Cnnz;
1T 77 1)

Figure 11 - Comparison of different PrOS focusers based on their exemplary
lens design (a) simple spherical lens, (b) F-Theta and (c) telecentric F-Theta

For time-intensive applications with laser powers above 150 W, lenses made of
tused silica are preferably used because of the lower material absorption [98].
Otherwise, the absorption causes the glass to heat up and the associated change in
the refractive index leads to a so-called thermal focus shift [23]. Due to the poor
thermal conductivity of the glasses, this phenomenon occurs very locally and
mostly in the shape of the scan pattern [23,99,100]. At these locations the BWD
will differ after some processing time and the result of the processing will look
quite different. The degree of defocusing Az can be calculated via equations 30
and 31 [100]. A distinction must be made between tophat (equation 30) and
Gaussian (equation 31) intensity distributions of the input beam. The
laser power P, the focal length f, the thermal derivative dn;/dT; of the refractive
index n, thermal expansion coefficient a, the heat conduction coefficient y, the
beam diameter D, and the absorption coefficients for the coating ¥ and the

glass 2 with thickness d. The index i represents the individual lens in the system.

dn; 20, + 0dpy [ 2 Equ. 30
_ . f£2 _l o ) L [ ?
Azp==P-f Z (th + 1)0&) ( Ty ) <nDi2>

i
Az; = In(4)Azy Equ. 31

Even though fused silica has a high thermal expansion coefficient compared to

crown glasses, they are more suitable for the use of thermally stable lenses due to
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their lower absorption [101,102]. A comparison of typical optical glasses is shown
in table 2. Another application of fused silica systems is found in ultra-short pulse
(USP) laser material processing. Due to the low electron density of fused silica,
the non-linear interactions of the short pulses in the lens are minimized and a
higher laser induced damage threshold (LIDT) is possible [24], which indicates

the laser intensity resistance of the lens.

Table 2 - Overview of optical parameters of typical optical glasses for laser optics. The
refractive index for A = 1070 nm, Abbe number at the standard wavelength of
587 nm, internal transmission subtracting the reflection for a 25 mm thick glass sheet
and reflection under normal incidence are shown. [101,102]

Material 4970 VA T [%] R [%]
N-FK5* 1,4785 70.41 99.8 3,73
N-BK7 1,5066 64.17 99.7 4,09
N-SF11 1,7540 25.68 99.8 7,50
N-SF57 1,8113 23.78 99.7 8,33
N-LAF21 1,7689 47.49 99.6 7,71
N-LASF41 1,8133 43.13 99.5 8,36
ES 7980** 1,4496 67.81 99.9 3,34

* "N" describes a variant of optical glass without lead
** FS stands for Fused Silica

A disadvantage of optics made of only one optical material is the resulting color
error [96]. Due to the same materials, no compensation with different dispersions
is possible. The dispersion describes the wavelength-dependent refractive index
of a material. Two incoming rays of different wavelengths are refracted differently
in a glass with a high dispersion and are also focused on different focal planes. This
error increases for F-Thetas starting from the center of the working field to the
edge. Since a laser emits monochromatic radiation, most F-Thetas are not
designed to correct the color error by aromatization or apochromatization. In the
case of broadband USP or diode lasers, this leads to blurred imaging and thus to
a limitation of the minimum achievable focal diameter. Also, color-corrected
lenses pose a major challenge for coaxial process monitoring. Since the
monitoring is performed at wavelengths deviating from the laser, the observed
zone and the zone processed by the laser do not coincide, especially in the edge
areas. The achromatization of such a system can be realized for example by a
combination of a convex lens with a high Abbe number and a concave lens with
alow Abbe number [103]. However, it must be ensured that the lenses used have
sufficient transmission for the wavelengths used. The more lenses are used in a
system, the more phase transitions of a passing beam between the optical materials
are present. As described in chapter 3.2.3, a phase transition always leads to a
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reflection of a certain portion of the radiation. In the exemplary fused silica system
shown in figure 11 ¢, this leads to a reflection-induced power loss of
approximately 28 % for a laser with a wavelength of A = 1070 nm. Therefore, all
lenses are provided with an optical coating specially adapted to the wavelength
used, to reduce the reflection-induced power losses. Thus, the functionality of
almost all optical components is only made possible by optical coatings.

3.5.5 Optical coatings for laser optics

Optical coatings are thin-film technologies, which usually have a thickness in the
order of magnitude of the light wavelength used [104]. The coatings are typically
applied to the lenses by physical or chemical vapor deposition. The effect of
optical coatings is based on interference effects and the intrinsic properties of the
coating materials. With a suitable coating selection, the reflection, absorption,
polarization, phase and transmission can be specifically adjusted. Mirror and anti-
reflection coatings can be based on the refractive index difference between the
optically active surface and the medium adjacent to it via the resulting effect of
constructive and destructive interference. Anti-reflective, mirror and polarization
coatings can be realized. Anti-reflective coatings are used in transmissive beam
shapers such as laser collimators, optical z-axes or F-Thetas. Mirror coatings are

used for beam deflectors, such as the galvo mirrors for the scanning systems.

In the following sections, the three most important coatings for laser material

processing are described.

3.5.,5.1  Anti-reflective coating

Anti-reflection (AR) coatings are used to achieve the best possible coupling of
light during a material transition. Therefore, the refractive index of the
coating nyg must lie between the refractive index of the adjacent medium n,,
and the substrate ng. The situation can be determined more precisely using
Fresnel's formulas[32,33]. However, a simple estimation can also be carried out

via the quadratic mean:

Ngr = /nm "Ng Equ. 32
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To achieve an even better anti-reflective effect, several layers can be applied. That
can create a refractive index gradient between the boundary medium and substrate
or destructive interference effects [105]. The anti-reflection effect is strongly
dependent on wavelength and angle of incidence, and adapted coatings are
available for separate wavelengths or spectra. This results in different systems like
single layer AR with a low refractive index layer, narrow band AR with a
V-reflection coating consisting of two layers or broad band AR which consist of
more than two difterent layers and materials [105-108]. The V-reflection coating
is named after the characteristic V-shaped reflection curve, which provides good
anti-reflection performance only in a small range of wavelengths (see figure 12).
Such coatings are preferably used for laser optics which are optimized for the laser
wavelength. The disadvantage would be that in other wavelength ranges a higher
reflection than the base material is caused. For a larger anti-reflection range,
broadband coating systems consisting of several individual layers are used.
However, due to surface effects, defects at the layer transitions and intrinsic
absorption of the materials, high anti-reflection effects cannot be achieved for
discrete wavelengths. Also, the coating procedure is more complex and costly.
However, such coating systems are mandatory for optics through which process
monitoring at multiple wavelengths are also to be performed.

........... V-AR A

--=- broad band AR A
— - broad band AR B

900 950 1000 1050 1100 1150 1200
‘Wavelength [nm]

Figure 12 - Exemplary of the dependence of the reflection on the wavelength
for different anti-reflection coatings at A = 1070 nm for a fused silica-air system
at AOI = 0°.

Usually, oxide or fluoride coating materials [109—-117] (see table 3) are used and
selected according to the application or substrate material [104—108,118,119].

Oxide coatings are very hard and are only slightly susceptible to contamination
due to the high packing density of the coating on surrounding media. Due to
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their resistance, oxide layer systems are used for optical components that are in
direct contact with the process atmosphere in LBPF systems.

Fluoride coatings, on the other hand, are very soft due to their low packing
density and are also partially water-soluble. Therefore, these coatings are
susceptible to contamination. In general, however, a better anti-reflection effect
can be achieved with a fluoride-based AR coating [118]. Therefore, in many
optical systems, the fluoride coatings are applied only to internal interfaces in the
system. The lens surfaces, which are exposed to external influences, are coated
with oxides.

Table 3 - Overview of coating materials with achievable refractive index for

A =1070 nm [109-117]

Coating dass Effect Material Nyo70
fluoride coatings  high refractive LaF; 1.6007
low refractive MgF» 1.3761
LiCaAlF 1.3865
CaF 1.4284
oxidic coatings high refractive ALO:; 1.7654
HfO; 1.8809
Y-20; 1.9009
Sc:0s 1.9872
low refractive Si0, 1.4496

Another possibility of anti-reflection coating is the structuring of the surface [120].
Here, the so-called "moth eye effect” is used. In this process, the surface of the
substrate is structured via a selective plasma etching, photo lithographic or also via
electron beam lithography in the order of magnitude up to A/5. The structure is
used to create a gradual transition between n,, and ng. The advantage is that such
anti-reflection structures are largely angle of incident and also wavelength
independent in a wide range. However, such an anti-reflection coating is

currently not economically applicable for standard laser optics.

3.5.5.2  High-reflective coating

High-reflective coatings or also known as mirror coatings are intended to do the
opposite of AR coating and achieve the highest possible reflection of a spectrum
with a very low absorbance [104,105,107]. This is realized via the phenomenon
of total reflection. Total reflection can occur during the transition of

(&%)
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electromagnetic waves from an optically denser to an optically thinner medium
and depends on the refractive index as well as the wavelength [105,121]. For
example, metals are well suited as optical mirror materials due to their dominant
imaginary refractive index. In addition, due to the atomic structure with the free-
moving electrons, the light ultraviolet to infrared (UV-IR) can penetrate only a
few nanometers. The free electrons interact with the incident electromagnetic
radiation and emit it back almost completely. Thus, very thin layers are sufficient
to achieve the desired mirror effect over a very broad spectrum. Aluminum, silver,
copper, gold and chromium have become established as coating materials [122].
However, due to the described interaction, a portion of the incident light is also
absorbed. For higher laser powers, a dielectric HR coating must therefore be used
[123].

Similarly, mirrors can be created by quarter-wave plate layers [124] with the
materials from table 3. The layer thickness dg of the individual layer can be
derived from the relationship in equation 33. Here, n corresponds to the refractive

index at the wavelength 4 to be mirrored.

n-dg =1/4 Equ. 33

The individual layers must be alternately high and low refractive and stacked in
sufficient numbers to produce destructive interference. The resulting reflection
band is specifically adapted to a certain wavelength range and can be transparent

to other frequencies. In order to compensate material fluctuations, the thickness
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Figure 13 - Exemplary of the dependence of the reflection on the wavelength for
different pair number of a high-reflection coating for A = 1070 nmn for a fused
stlica-air system at AOI = 45°.
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of the individual layers is optimized during the production of the coatings to the
spectral region where a high reflection is to be achieved [125]. Therefore, the
position and strength of the remaining peaks in the reflection spectrum cannot be
predicted exactly and differs depending on the coating batch. The number of
layers required for high reflectance and the spectral width of the reflection band
depend on the refractive index difference of high- and low-reflectance layers. For
HR-coatings, between 15 to 20 layer pairs are required [121,123,124]. Figure 13
shows an exemplary reflection profile of different numbers of layer stacks.

3.5.53 Dichroic coating

Dichroic coatings are a combination of HR and AR coatings [126]. The coating
design for a certain spectral range is designed to produce destructive interference.
A corresponding highly reflective effect is achieved. For another part of the
spectrum, the coating design produces a specific constructive effect, which allows
an anti-reflection behavior for the spectral range. Thus, a part of the spectrum is
reflected by the layer and the other part passes through with minimal losses. An
exemplary spectrum of a dichroic mirror is shown in figure 14.

These coatings find their application as divider cubes for coaxial process
monitoring [127,128]. Difterent spectral paths can be superimposed, such as the

laser with an imaging channel on a shorter wavelength [129]. It can also be used
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Figure 14 - Example of the reflectance spectrum of a dichroic coating for two
different angles of incidence and for s- and p-polarized light. In (a) the anti-
reflection spectral range for 4 = 620 nm and in (b) the highly reflective range
for A4 = 1070 nm are shown.
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as a separator to split a spectral signal and evaluate the individual spectral
components, such as in a two-color pyrometer. In the application, the spectral
component with the higher power is usually reflected and the one with the lower
power is allowed to pass, since the HR effect has a lower power loss.

In contrast to the dielectric AR and HR coatings, dichroic coatings are even more
dependent on the AOI and on the polarization of the radiation. Since there are
interference effects for two areas, the reflectance spectrum is influenced differently
by the AOI depending on the design [126]. One of the reasons for this is that the
path of the paraxial beam is geometrically longer in the layer stack at larger angles
of incidence compared to the path of a beam that hits the layer at normal
incidence. Thus, the individual layer thicknesses dg varies depending on the AOI.
That causes different interference eftects. The shorter spectral range reacts more
sensitively to a dg deviating from the nominal one due to the shorter wavelengths

and the condition from equation 33 is no longer fulfilled.

In process monitoring for example, measurement signals of different strengths for
varying angles produced. In order to keep the incidence angle influence as low as
possible, the maximum permissible AOI is an important design criterion for
dielectric coatings. The layer design of a dichroic mirror is therefore very complex

and can comprise up to 100 layers.
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4 Methodological approach

The spectral behavior and the interaction with electromagnetic radiation of
powders for additive manufacturing were investigated in the three papers using
several tools and analysis methods. Figure 15 shows the spectrometric techniques
central for the papers. Other methods were also used to verify the results, which

are briefly explained in the following chapters.
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Figure 15 - Overview of spectral measurement methods of powders for additive

manufacturing. The upper part shows the measurements from the three papers
for the same Inconel 718 sample.
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4.1 Optical spectroscopy

A spectrometer can be used to separate the spectral components of light and
measure the intensity distribution of the individual components [130]. In
principle, there are two different types of optical spectrometers [131]. On the one
hand there are spectrometers which have their own calibrated light source with
monochromatic radiation and detect the backscattered or transmitted components
of their own light source. Here, portions of light after passing through a medium
can be analyzed in relation to the absorption within the medium. In paper B and
C the absorbance of the investigated powders was measured via the backscattered

spectrum.

On the other hand, there are systems where external light is introduced and which
display the intensities of the irradiated wavelengths. In the latter case, only relative
spectra can be acquired without a calibrated emitter. In paper A, the spectrum of
laser material interaction at different angles was observed via such a spectrometer

In both cases, the decomposition of the light or the monochromatization is
technically realized by a diffraction grating or prism [131]. By using a diffraction
grating instead of a prism for spectral decomposition, the spectral resolving
capability can be improved and a more compact design of the system can be
achieved. To increase the resolving capability, multiple prisms and diffraction
gratings can be connected in a row. The spectral resolving capability AV is defined
by distance the single wavelengths A1 can be separated (equation 34).

AV = A/AA Equ. 34

The light is collimated onto the elements within the spectrometer using concave
mirrors, as no color errors are introduced by reflective elements. The intensity

can be detected by photodiodes or image sensors like CMOS sensor.

Optical spectrometers are the tool of choice for making highly accurate statements
about the transmission, reflection and absorption properties of materials. They can
also be used to measure the emission behavior of materials [132]. A common form
in laser technology is laser induced breakdown spectroscopy (LIBS) [133]. In
LIBS, a pulsed laser system is used in combination with a spectroscopic
measurement channel. The laser is focused on a target and the high intensity
vaporizes the material and creates a high temperature plasma. Part of the emitted
spectrum of excited atoms and ions is collected and spectrally analyzed [134]. By
knowing the characteristic atomic transitions, conclusions can be drawn about

both the qualitative and quantitative composition of the target [135]. Similar
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principle can be applied to the spectral analysis of the process zone during deep
penetration welding (paper A).

4.2 High speed imaging

High speed imaging is a tool used only in paper A. In this process, a large number
of images are captured in a very short time. Typical orders of magnitude are
15 000 to 50 000 images per second [136]. Viewed individually or stitched
together as a video, phenomena and interactions can be studied in the ps range.
Due to the large amount of data, it is important to have good synchronization
(triggering) of the recording to the investigated events. In paper A, the expansion
of plasma and metal vapor during deep welding was investigated from the HSI
images. For this purpose, a filter was placed in front of the HSI camera, which
only blocks the laser wavelength and only the plasma emission or metal vapor
emission is visible in the images. In the post-processing of the data, the
propagation direction, velocities of particles whirled up, the oscillation of the
plasma and the spectral intensity could be derived. Such information cannot be
obtained from a single timed image. In another aspect of paper A, superimposed
images were generated from the individual frames of the images. The pixel data
from 131 single shots were added together. Particularly bright pixels indicate a
place where the plasma or the metal vapor was most concentrated during the

exposure.

4.3 Digital imaging techniques

Imaging techniques cover a very wide range. The key point is the acquisition of
a two-dimensional data set, which represents the geometric properties of the
object to be examined. The pixels of the digital image data are set in relation to a
metric size. This allows the derivation of real structure and object dimensions.
Such a method is advantageous in connection with a magnified image of the
object to be examined. The simplest method is light microscopy, in which an
illuminated object is imaged onto a sensor via an optical lens system. In paper B,
light microscopy was used to analyze the shape of particles of some powders. The
maximum resolving capability AD of objects can be determined by the Abbe limit
[137]. Here B is half the aperture angle of the objective. The product of the
refractive index and the sine of half the aperture angle is the numerical aperture
of the used optics (equation 35).

W
N
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AD = /1 Equ. 35
n-sinf

However, for smaller structures and larger magnifications, light microscopes are
limited by their shallow depth of field [138]. Electron scanning microscopes ofter
an alternative [139]. Here, a resolution down to single-digit nanometers is possible
[139]. Due to the scanning signal acquisition over the 2-dimensional plane, an
increased depth of field is also given. As a result, even surface image can be
captured. In papers B and C, electron scanning microscope images of the powders

were made to validate grain size and spherical particle shape.

In paper A and C, a not very common method of surface imaging was used. Here,
images of the process surface were taken coaxially through the laser material
processing optics. Depending on the F-Theta used, an AD = 5 - 20 pm is possible.
The setup of this system is described in detail in papers A and C. In paper A, a
single image was taken at certain scanner positions, where the process zone was
evaluated in the image section. A statement on the width of the melt zone and
the generated spatter was possible, which was linked to the HSI images. With the
setup and methodology developed in paper C, it is possible to image the entire
process area of 114 mm x 114 mm with the described resolving capability of
AD =5 - 20 um. Similar to the electron scanning microscope, the surface is
scanned and stitched into one image. The advantage of such surface imaging is
that it can be performed in-situ in the system and no external analysis step is

necessary.

4.4 Grain size determination

In order to investigate the relationship between absorbance and grain size
diameter in paper B and C, an exact grain size distribution had to be determined
for all powders. A fundamental tool is the grain size analysis. A very simple
method describes the sieving of the powder with sieves of different mesh sizes
distance [140]. The fraction passing through the sieve and the fraction retained
are weighed and related. Technically, it is realized by several sieves with
decreasing mesh size distance. The particle analysis based on laser diffraction is
more accurate and easier to perform [140]. Here, the principle of Mie scattering
at spherical particles is used, which means that large particles have a small
deflection angle in relation to the wavelength and small particles have a large
deflection angle [141,142]. The powder is inserted into a laser beam path in a
controlled manner and the scattering pattern of the laser is monitored. Then the
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size of the particles can be calculated. It is important that the particle size is
approximately in the order of magnitude of the used wavelength. This procedure
was performed for paper B and C and validated using the light and electron
scanning microscope images. A statistical particle size can also be derived from

surface images.

4.5 Optical simulation

Optical simulations are a theoretical tool. They require a detailed model of the
optical system, which includes all optical elements and their exact optical
behavior. It contains the exact refractive indices, transmission values, distances
between the elements and the exact geometric shape of the elements. Ray
geometry correlations can be made, allowing the path of a single ray from the
object through each element of the system to the image plane to be calculated.

This is known as a sequential method. It allows the behavior of the entire optical

PR F-Theta

galvo scanner

camera system

«— working area

Figure 16 - Zemax 3D layout of the sequential model of the optical system used
for the calculation of the camera correction for paper C
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system to be predicted and provides a basis for selecting suitable optical
components for a real system. One of the most popular simulation programs is

Zemax, which was also used for this thesis.

In paper A the alignment and control of the reflective monitoring system was
calculated and the laser parameters on the workpiece were simulated. A
comparison with the simulated data and the measured data can be used to
eliminate measurement errors or to improve the model. In paper C, the optical
image of the camera was calculated for the different wavelengths in order to create
a correction of the image field distortions for each position in the scan field. Figure
16 shows the optical sequential model of the system used in paper C as an

example.

Another possibility of an optical simulation is ray tracing, which is known as a
non-sequential variant. Here, a ray is emitted from a defined source and traced
until it hits a defined detector area. In contrast to the sequential method, optical
surfaces can be hit multiple times. This simulation variant is very computationally
intensive since it is based on the trial-and-error principle. It is used for the
calculation of scattered radiation in lenses or for the simulation of the optical
behavior of real surfaces, such as powders. In papers B, ray tracing was used to
estimate the measurement error of the integration sphere, and in paper C, to

estimate the backscattering ability of a powder surface.
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5 Summary of the papers

Paper A: Angular dependence of coaxial and quasi-coaxial monitoring

systems for process radiation analysis in laser materials processing

Abstract: Process monitoring is becoming increasingly important in laser-based
manufacturing and is of particular importance in the field of additive
manufacturing [e.g. Laser Powder Bed Fusion (LPBF)]. Process monitoring
enables a reduction of production costs and a lower time-to-market. Furthermore,
the data can be used to create a digital twin of the workpiece. There are already
many established processing head-integrated monitoring systems for such
applications as the multispectral analysis of process radiation. However, the
monitoring of complex signals in systems with F-Theta scanner lenses is very
challenging and requires specially adapted optics or measuring sensors.
In this paper a potential arrangement for spectroscopy-based process monitoring
in pre-objective scanning is presented. The process radiation was monitored using
a coaxial and a quasi-coaxial observation system. The measurements were carried
out on both a solid and a powder coated sample of 2.4668 (Inconel 718) to show
the potential use of these systems in laser-based additive manufacturing. In order
to obtain comprehensive data about the process signal, the process zone was
analysed at different angles of incidence (AOI) of the laser using a high-speed
camera (HSI) and a spectrometer. The connection between the HSI and the
spectral measurements is discussed. The ionization of the material and the
formation of a plasma was observed and found to lose intensity as the angle of
incidence increases. A model of the system that demonstrates the intensity of the
emitted radiation of the plasma was created. It enables the measured values to be
corrected. The corrected measurement data can be used to detect impurities or a
non-ideal energy input across the entire processing field, which is a move towards

robust process monitoring.

Conclusions: The shape of the process signal for scanning laser material processing
using an F-Theta lens was examined. The shape is dependent on the angle of
incidence. For this work a coaxial and a quasi-coaxial measurement setup were

built with which the spectral signal of the process radiation was analysed.

- With the coaxial setup, the short-wave components of the spectrum
(below A < 510 nm) cannot be detected even at a scanner mirror angle
of 5 ° due to the chromatic aberration of the F-Theta lens.
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- With the reflective quasi-coaxial set up, the process signal could be
accurately recorded.

- A spectral signal of the process radiation over the entire processing field
could be measured via both setups.

- When using typical LPBF parameters, discrete peaks at A = 426 nm and
A =520 nm in the process radiation can be observed by spectroscopy.
These peaks can be attributed to the chromium in the stainless-steel
sample material.

- As the angle of incidence of the laser to the workpiece increases, the
measured spectral intensity decreases. From the centre of the scan field to
the last measuring point in the working area of the F-Theta lens, the
spectral intensity decreases without correction by 36 % for solid samples.
This is associated with variations in spot size and the interaction zone as
a function of the angle of incidence.

- The powder coated sample has a greater decrease (of 51 %) in spectral
intensity with increasing angles of incidence compared with the solid
material.

- The measured spectral intensity distribution for solid materials can be
adjusted over the entire field by means of a correction factor. This
correction includes a function that describes the numerical aperture of
the measuring channel and the laser intensity on the working field.

- Any remaining deviation in the corrected field measurements can be
traced back to the geometry of the setup and the field-dependent angle
of the process radiation.
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Paper B: Absorbance study of powder conditions for laser additive

manufacturing

Abstract: Absorbance is often used for simulations or validation of process
parameters for powder-based laser materials processing. In this work, the
absorbance of 39 different metal powders for additive manufacturing is
determined at 20 different laser wavelengths. Different grain sizes and aging states
for: steels, aluminum alloys, titanium alloys, Nitinol, high entropy alloy,
chromium, copper, brass and iron ore were analysed. For this purpose, the
absorbance spectrum of the powders was determined via an UV-VIS-NIR dual-
beam spectrometer in the range of A = 330 - 1560 nm. At the laser wavelengths
of A = 450 nm, 633 nm and 650 nm, the absorbance averaged overall materials
was found to increase by a factor of three compared to the usual wavelength of
A = 1070 nm, with minimal variations in absorbance between materials. In the
investigation of the aged or used powders, a loss of absorbance was detectable.
Almost no changes from the point of view of processing aged and new
AlSi10Mgpowders, is expected for laser sources with A = 450 nm. The resulting
measurements provide a good basis for process parameters for a variety of laser
wavelengths and materials, as well as a data set for improved absorbance

simulations.
Conclusions:

- Several absorbance values determined in the literature using ray tracing
were confirmed experimentally on powder beds. In addition, other
absorbance values of 1.4404, 2.4668, AlSi10Mg and Ti64 powders for

- A = 1070 nm measured experimentally in the literature were also
confirmed.

- When using a laser source with A = 450 nm (SDa = 4.8),
A =635 nm (SDa = 2.3) or A = 650 nm (SDa = 2.6) for a laser powder
bed fusion process, the absorbance deviation SDa between the
investigated materials is lower and the coupling efficiency is 2.4 up to 3.3
times higher than the commonly used laser source with A = 1070 nm

- (SDa = 10.6).

- The smallest absorbance deviation between the aged and virgin
AlISi10Mg powders is at a laser wavelength of

- A =450 nm, which allows the same processability regarding the coupling
efficiency.
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- A mean increase in the absorbance spectrum of absolute 6 % was proven
for smaller grain size fraction for 1.4404 and 2.4 % for 1.4542 compared
to larger grain size fractions of the same material.

- With increasing absorption due to shorter wavelengths, the influence of
grain size on absorbance becomes smaller.

- For all used, oxidized or specifically aged powders, a loss of absorbance
in the VIS-NIR range and an increase in absorbance in the UV range can
be observed. The change in the spectrum can be traced back to oxide
layers on the particles and could be shown in the case of 1.4404 and
1.2344 on the theoretically calculated absorption spectra of Fe2O3. The
same applies to AlSi10Mg and the absorption spectrum of Al203.

- For 46 h and 96 h aged AISi10Mg powders, only a maximal difterence
between the spectra of 0.7 % is measurable, resulting in spectral
indistinguishability between the age states between A = 330 — 1560 nm.
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Paper C: Proof-of-concept of an absorbance determination of a powder
bed by high resolution coaxial multispectral imaging in laser material
processing

Abstract: Imaging techniques are very popular for process monitoring in laser
material processing due to their high information content. At the same time,
coaxial systems focused by passive laser optics still present a major challenge. Since
most laser optics cause imaging errors for the monitoring channel. In this paper,
the design, methodology and procedure is shown to be able to acquire coaxial
image data by standard laser components. This is shown by components for a laser
powder bed fusion system and their use on a powder bed. The focus is on the
correction of the image data to produce a high-resolution, geometrically correct
and gap-free overview image of the entire processing plane. For this purpose,
optical simulations of the system are performed to detect aberrations, distortions
and chromatic errors and to correct them by hardware elements or in software
post-processing. Over the entire 114 mm x 114 mm working field, objects can
be captured geometrically correctly with a maximum deviation of
22 uym - 49 pum, depending on the wavelength. By capturing images at
wavelengths of 405 nm, 450 nm, 520 nm, 580 nm, 625 nm and 850 nm,
multispectral information is gained over the entire working plane. In addition, an
absorbance of the powder bed is derived from the images. To qualify this
methodology, tests are performed on 20 different powders. These include
different particle sizes, aged and oxidized powders of difterent metals. The ability
to determine absorbance is simulated by ray tracing powder surfaces. This allows
the determination of in-line absorbances from the powder bed with a maximum
deviation of 2.5 % compared to absorbance spectra of established methods. This
allows the origins of component defects such as foreign particles, powder
oxidation, spatter and uncoated areas to be identified down to a diameter of
20 pm.

Conclusions: Blown powder directed energy deposition was successfully carried
out with the process described and observed through high-speed imaging. Due
to the highly focussed powder stream and laser beam configuration, an island of
unmelted powder formed in the melt pool (at the centre of the laser spot). Some
of the powder grains ricochet off the island, resulting in decreased catchment
efficiency.

- The proof-of-concept of an absorbance determination of a powder bed
by high resolution coaxial multispectral imaging in laser material
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processing has been performed on 20 different powders and the
applicability has been demonstrated.

- Coaxial multispectral imaging of the entire processing field through the
laser optics is possible in six wavelengths (UV-IR) and objects can be
imaged geometrically correct with a maximum error of 49 pm.

- From the histograms of the recorded images, a grayscale value can be
formed for each wavelength, from which the absorbance of the material
in the working plane can be derived. The maximum error was an
absorbance difference of Ao = 8.4 % to a value determined with a
conventional spectrometer method. If the materials and the absorption
behavior are known, a maximum deviation of Aa = 2.5 % can be
achieved by optimization

- In combination with the derived absorbance and the high-resolution
stitched overview image, a multispectral overview image can be formed,
which allows a material differentiation.

- Foreign particles, powder oxidation, spatter and uncoated areas up to a
diameter of 20 pum can be detected on the entire working area and
geometrically correctly located.

- Due to the light scattering behavior, the particle geometry of the powder
has a direct influence on the determined absorbance value, which leads
to incorrectly derived absorbance in the case of large particle diameter
deviations (AD > 40 um).

- A slightly defocused image can be used to derive a more accurate
absorbance, since the variance of the grayscale value distribution is
reduced by non-imaged contours and direct reflections of the

illumination.
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6 General conclusions of the thesis

This thesis deals with the basic design of new monitoring techniques and their
experimental investigation of the concepts. The focus is on the evaluation of
spectral signals. Spectral monitoring of the process or the feedstock provides a lot
of information that can be used to determine if the process will be aftected by
potential defects or if defects have already occurred in the process. Furthermore,
the recorded data allow to react in-situ to process changes or provide the basis for
the development of new processes. From a scientific point of view, the general

conclusions of the work are the following:

e The angular orientation of the measuring beam to the plane of the laser
material interaction has the greatest influence on the measured spectrum
during the detection of the spectral emission and does not behave linearly
over the working field. With increasing angle of incidence, the measured
spectral intensity decreases. The same applies to the angle of incidence of
the laser at a constant monitoring angle. This influence can be minimized

by a correction model (paper B).

e A broad database of absorbance spectra in the range A = 330 - 1560 nm
has been created, containing 16 materials used in additive manufacturing
in a total of 39 states. The state of the powder, which includes age, grain
size and degree of contamination, can be deduced to some extent from
the absorbance spectrum. Furthermore, the data allows process

development with other laser wavelengths (paper B).

e The use of shorter wavelengths represents a potential improvement of the
process. In particular, this applies to possible laser wavelengths of
A = 450 nm. The absorbance deviation between the 39 investigated
materials is lower and the coupling efficiency is up to 3.3 times higher

than the commonly used laser source with A = 1070 nm (paper b).
Furthermore, two engineering conclusions can be drawn from this work:

e The functionality of a quasi-coaxial monitoring system could be shown
on the basis of the experimental setup, which allows a monitoring of a
broad spectrum (A = 330 nm - 1200 nm) in pre-objective scanning
systems free of optical color error and transmission limitations (paper A).
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e The applicability of the principle of high resolution coaxial multispectral
imaging and the derivation of absorbances could be demonstrated based
on 20 powders. Absorbance differences due to impurities, oxidation and
wrong process parameters in the powder bed can be geometrically
correctly detected in relation to the laser path (paper C).
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7 Outlook

Based on the research of this thesis, some future topics are most promising for the
long-term goal of making LBPF more sustainable and industrially viable.

e  Development of an F-Theta for coaxial spectral monitoring with
corrected lateral and longitudinal chromatic aberration for a range of
A =350 nm - 2000 nm.

e Simulation of the spectral emission of the laser material interaction
during the processing of powders for a system described in paper A.

e Integration of quasi-coaxial monitoring and high resolution coaxial
multispectral imaging techniques into a real LPBF system, as well as
monitoring of a real printing job.

e Verification of the possible more stable process of aged aluminum
powders (AlSi10Mg) during processing with a laser source at
A =450 nm.

e Further development of high-resolution imaging of the scan field and
integration of algorithms for image evaluation, so that printed structures
can be measured automatically, grain size determination derived and
foreign particles detected.
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