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ABSTRACT

Multi-laser powder bed fusion additive manufacturing (PBFAM) is the answer to the growing
demand for faster and larger part production. However, timely and cost-effective part
qualification remains a critical hurdle due to the formation of subsurface flaws during the
PBFAM process. Spectroscopic inspired monitoring systems has been shown as a promising
technique to detect the presence of flaws using the spectral emissions during the laser welding
process. However, the use of spectroscopic sensing in PBFAM systems is complicated by the
introduction of multiple simultaneously operating lasers. The work presented in this thesis covers
the development of an optical emission spectroscopy inspired, photodiode-based system designed
for use in multi-laser PBFAM. The objective of this system is to assist in the real time detection

of flaws that form during the PBFAM process.
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Chapter 1

Introduction

Over the past few decades laser powder bed fusion additive manufacturing (LPBFAM)
has emerged as an advanced manufacturing method that enables the creation of highly complex
components and assemblies not previously manufacturable using traditional methods. This
increased design freedom associated with metal additive manufacturing (AM) is made possible
through the layer wise nature through which components are fabricated. Beginning with an empty
build chamber, a thin (~20-100 pm) layer of powder is deposited across a build plate by the
recoating mechanism. The deposited metal powder is then selectively melted using one or more
high power laser beams. These lasers are aimed using computer-controlled galvanometers that
guide the focus of laser energy along predetermined build paths that together form the geometry
of the desired part. This process allows for the creation of complex geometries using a variety of

metal alloys. The LPBFAM process is illustrated in figure 1-1.
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Figure 1-1: Illustration of the laser powder bed fusion process [1].

While additive manufacturing has had a strong history as being a popular tool for

constructing prototype components, a growing trend is the use of metal AM to manufacture end



use parts. General Electric has been an industry leader in the push towards high volume metal
AM production to mass produce aerospace and medical components. GE has used electron beam
melting (EBM) machines produced by Arcam (a subsidiary of GE) to produce over 100,000
titanium hip cups which have been used in hip replacement surgeries around the world. GE has
also utilized powder bed fusion additive manufacturing machines produced by Concept Laser
(also a GE subsidiary) to produce over 30,000 fuel nozzles for the LEAP engine commonly used
in commercial aircraft [7]. An example fuel nozzle produced by GE using additive manufacturing

is shown in figure 1-2.

Figure 1-2: Additive GE fuel nozzle [7].

Using additive manufacturing allowed GE engineers to simplify an assembly which previously
consisted of 20 separate pieces welded together to just a single component. This decreases the
failure points of the assembly while also reducing the weight of the system by about 25%. It is
because of the new manufacturing possibilities afforded by metal AM that the U.S. 3D printing
metals market is forecasted to grow at a compound annual growth rate of 32.4% over the next

decade [8].
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The significant limiting factors preventing the widespread adoption of metal AM for end
use part production are the time and cost required to produce and certify manufactured parts. The
speed at which parts are created using LPFAM is mostly limited by the rate at which the laser can
melt a given material. To satisfy the growing demand for larger and faster part production AM
machine manufacturers are developing new multi-laser metal AM systems. New multi-laser
systems range the Concept Laser M2 series 5 machines, which include two 1kW lasers capable of
simultaneous operation, a nine-laser system being developed under U.S. Army Research
Laboratory by 3D systems. While the inclusion of multiple lasers allows for faster material

processing, it does not solve the issue of part qualification.

Figure 1-3: Concept Laser M2 Series 5 [9].

During the laser fusion process, defects can form because of many different variables
such as material contamination, melt pool instability, part deformation, laser power fluctuations
or other processing variables [2]. Often, the presence of these flaws cannot be easily detected and
can result in poor mechanical properties [4]. In applications such as aircraft components or
biomedical implants, it is critical that parts are properly certified for use. Often this certification

involves using computed tomography (CT) scanning to identify subsurface part defects that can



lead to a degradation in part performance. However, the process of CT scanning metal AM
components is a time consuming and costly process which often makes it cost prohibitive for use
in qualifying end use parts.

To solve this issue many researchers have investigated the use of in-situ processing
monitoring to assist in defect detection to pave the way for real time part qualification. The
process monitoring sensors used in metal AM machines typical measure acoustic, spectral, or
thermal emissions during the laser welding process [10]. Of the process monitoring techniques
that exist, optical emission spectroscopy (OES) has emerged a prominent technique to correlate
the spectral emissions from the plasma plume created during the laser welding process to the
presence of build defects. Prior research has shown that spectral emissions from the plasma
plume can be used to identify the presence of lack-of-fusion and keyhole defects [11].

An OES sensor in a metal PBFAM system is typically setup in an off-axis arrangement
where the sensor field of view (FOV) encompasses the entirety of the machine build plate. The
accurate sensing of the plasma plume using this arrangement in multi-laser systems is
complicated by the inclusion of multiple simultaneously occurring plumes. The work presented in
this paper aims to solve this problem through the development of an on-axis OES inspired sensor
system capable of identifying process related defects in multi-laser PBFAM systems. The goal of
this research is to introduce new technology and methods that can be used towards the goal of

real time part qualification in metal AM systems.



Chapter 2

Literature Review

Many different process monitoring sensors have been developed to inform about the
quality of the laser welding process. These sensors typically measure one or more melt pool
attributes, such as geometry [12], temperature [10], or spectral emissions to determine weld
quality [13]-[18]. This method of in-situ sensing is intended to provide a means to qualify parts
in real time, eliminating the need for time intensive and costly post-process analysis [19].

Spectroscopy is an attractive option for laser welding process monitoring due to low cost
and high sampling rates of spectroscopic process monitoring sensors [20]. Previous
implementations of spectroscopic systems to monitor the welding process in both arc and laser
based welding systems has shown the capability of such systems to detect the presence of trapped
gas porosity and lack-of-fusion defects [2], [21], [22]. Additionally, spectroscopy systems have
been shown to provide the ability to monitor melt pool depth during the laser welding process
[23]. Spectroscopic systems for LPBFAM machines are designed to collect data on the spectral
emissions from the plasma plume generated during the laser welding process. This data can be
processed to identify the formation of flaws in real time and allow for corrections to be made
[16], [23]. These sensing methods typically employ either photodiode-based or spectrometer-
based sensor systems to monitor spectral line and background radiation emitted by the plasma
plume. The line and background emissions have been shown to be useful in determining the
presence of defects in laser-based metal additive manufacturing [2], [3], [11], [24]. This shows
that the plasma plume formation provides a means to understand the laser welding process.
Spectroscopic methods can be used to provide a deeper understanding of the physical connection
between the plasma plume formation and defect formation mechanisms.

During the LPBFAM process, laser energy is directed at metal powder which in turn



absorbs some of this energy. If sufficient energy is absorbed, the material becomes a liquid. If
sufficiently more energy is absorbed the material evaporates forming a vapor. During the
LPBFAM process this is shown through the formation of a liquid melt pool and a metallic vapor
centered around the laser focus. Further absorption of laser energy by the vapor cloud causes

electrons to be stripped from atoms, forming an ionized plasma as shown in figure 2-1 [25].
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Figure 2-1: Laser induced plasma formation [26].

It is the spectral emissions from this plasma that have been shown to yield meaningful
process related data [3], [11], [24]. Radiation is emitted by the plasma through three different
radiation emission mechanisms: bound-bound, free-bound, and free-free electron transitions [27].
Bound-bound transitions occur when an electron moves from one discrete energy level to another.
When an electron decays from a higher orbit to a low orbit energy is conserved through the
emission of a photon with a wavelength given by Planck’s equation (Eq (1), where AE is the
energy difference between levels, h ~ 6.626 x 1073* m2kg/s is Planck’s constant, and v is the
emitted photon frequency.

AE = hv (D



An atom for a given element has a unique set of energy levels corresponding to a unique set of
wavelengths likely to be emitted from bound-bound transitions. These narrow bands of discrete
wavelengths are known as characteristic emission lines and vary from material to material
depending on the underlying elements that comprise it. Free-bound transitions occur when a
previously unbound electron is capture by an ion and assumes an energy level. This process is
known as radiative recombination and results in the emission of a photon in congruence with of
the conservation of energy. When in the free state, electron energy is not defined as discrete
levels as it is in the bound-bound case. Instead the electron energy is kinetic. This results in the
emission of photons without discretely defined wavelengths as in the bound-bound case. This
type of emission is observed as continuum radiation. The last type of transition is free-free where
the energy level of an electron changes through the absorption or emission of photons. The
process by which a free electron absorbs a photon is known as Inverse Bremsstrahlung
absorption. In the reverse case, Bremsstrahlung radiation is emitted if an electron is slowed, for
instance when deflected by an atomic or ionic nucleus. Again, this type of radiation does not
result from discrete energy level transitions and therefore contributes towards continuum
radiation. The resulting spectral radiation emitted by the plasma plume can be seen as the
superposition of the emission lines from the bound-bound transitions, and the continuum
radiation given off by the free-bound and free-free transitions. Because each element has a unique
set of energy levels, each element will have a unique radiation curve. As such, during PBFAM,
processing different materials will generate different spectral signatures.

The emission lines and background radiation emitted by the plasma plume serve as
foundation for most spectroscopic weld monitoring methods. One such method has been to use
the relative line intensities from the same element to calculate the electron temperature of the
plasma. Equation (2) shows the relationship between the relative line intensity ratio R and the

electron temperature 7. [27].
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Where /; and 1> represent the relative line intensities, A; and A, are the transition probabilities,
gmi and gmo are the statistical weights, A and A, are the wavelengths, and E., represents the
respective excitation energies. This equation can be rearranged into Equation (3) to provide an

expression for the plasma electron temperature.

Emz - Eml (3)
LA{gmiA
kl 1411Ymi1‘M1
nIZAZ.ng}\Z
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Research by Ancona et al. showed that after varying processing parameters the best results were
obtained when the variation in electron temperature was low, indicating that a higher standard
deviation in electron temperature corresponded with the presence of weld defects [19]. Ancona
also demonstrates that local decreases in electron temperature indicate the presence of weld
defects. The use of the plasma electron temperature is not solely limited to defect detection.
Research by Sebestova et al. has shown that there is correlation between the plasma electron
temperature and the weld penetration depth [12]. Because the electron temperature calculation
method requires the measurement of two separate emission lines as well as the continuum
radiation needed to perform a background subtraction, a spectrometer is typically employed to

perform the measurements.



Characterisation verification with penetration depth measurement
Tam T T T T T T T T T

7700 b

7600 ~ -

7500~ -

7400 .

7300~ -

7200 b

Electron temperature [K]

7100 -

7000 r r t t t r r r r
1 1.2 14 16 18 2 22 24 26 238 3

Penetration Depth [mm]

Figure 2-2: Relationship between electron temperature and weld penetration depth [12].

An alternative approach that has previously been demonstrated is to simply use the ratio
of a particular emission line to the background continuum as a metric to detect the formation of
flaws during the LPBFAM process. An illustration of the line and continuum radiation is shown
in figure 2-3. The advantage of this method over the aforementioned electron temperature
calculation method is the reduction in computational power required to perform real time analysis

[28].
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Figure 2-3: Illustration of line (I,) and continuum (ILcontinuum) radiation. Adapted from [2].

This method was used by Garcia-Allende et al. to detect the presence of flaws induced during the
arc-welding process. Their analysis covers multiple different emission lines and shows a strong
correlation between the occurrence of flaws and sharp changes in the line-to-continuum ratio.
Research by Nassar et al. employed a similar line-to-continuum measuring method applied to the
directed energy deposition (DED) process which shows the occurrence of defects correlating with
fluctuating line emissions [2]. Additionally their research shows a correlation between the line-to-
continuum ration and the presence of lack of fusion defects between hatches. This relationship is

shown in figure 2-4.
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Figure 2-4: Relationship demonstrated between the line-to-continuum ratio and the presence of

lack-of-fusion defects in directed energy deposition as shown by Nassar et al. [2].

Typically a spectrometer is employed to collect spectral data, however an alternative
method is to use a limited number of photodiodes with optical filters corresponding to the desired
emission lines and continuum zone. Research by Mirapeix et al. compared the use of a

spectrometer vs. a photodiode arrangement in an arc-welding system and concluded that the
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photodiode system provides an improved signal to noise ratio at a significantly lower cost
compared to the spectrometer approach [29]. A similar approach developed by Dunbar et al. used
a two photodiode arrangement in an off-axis configuration where one photodiode is filtered to
observe a prominent emission line and the other is filtered to observe the continuum radiation [3].
This setup was deployed in a PBFAM system and showed the relationship between the line-to-

continuum ratio and the percent void in as built components. This setup is shown in figure 2-5.

A “-~520 nm Bandpass Filter
~~Imaging Optic
-~ 50:50 Beam Splitter

530 nm o\ ,
Bandpass Filter' \
\E:
\~—-.‘.
A
‘ - . 140 _|
! \D
Build Plate

Figure 2-5: Off-axis photodiode arrangement developed by Dunbar et al. [3].

Despite research empirically showing a link between plasma spectral phenomena and the
occurrence of flaws in LPFAM, the physics behind this connection is still not completely
understood. However, the mechanisms by which flaws form during the laser welding process is
widely understood and can provide valuable insight into how spectroscopy can be used to identify
the formation of different types of flaws. Defects arise in LPBFAM components often due to an

imbalance in processing parameters, however even under ideal processing conditions stochastic
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flaws can occasionally form without any obvious causes [4]. Figure 2-6 shows how flaws can be
categorized as either systemic meaning that the formation is linked to the processing parameters,

or stochastic indicating random formation.

PBF Processing
Flaws
: Melt Pool
Instabilities

A 4

Lack-of-Fusion
Legend

Stochastic
Lack-of-Fusion

Systematic
Lack-of-Fusion

Hatch-Contour
Interface

Figure 2-6: Common defect categories for laser powder bed fusion additive manufacturing.
Adapted from [4].

In this diagram, flaw types such as systemic lack-of-fusion defects are typically the result of
improper path planning or process parameter selection. Keyhole defects forming during laser
keyhole welding are a commonly studied flaw type due to the ease at which keyhole defects can
be elucidated during the welding process. Process parameters can be purposely set to elicit the
formation of keyhole defects, allowing for this formation mechanism to be more easily studied.
Keyhole welding occurs when there is sufficient laser energy to cause material to evaporate to the
extent that a depressions, deeper than the half-width of the weld, which is stabilized by the vapor

pressure generated during evaporation [25]. This forms a keyhole shaped weld that penetrates
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deeper into the substrate. Laser energy entering the keyhole will reflect off the sloping leading
edge of the keyhole and be absorbed into the melt pool. This results in nearly all the laser energy
being absorbed by the melt pool. Research by Katayama et al. has shown that the intense
vaporization that occurs during the keyhole welding process will result in the formation of vapor
bubbles in the melt pool which may become trapped as the material solidifies [30]. This

formation mechanism is summarized in figure 2-7.

Welding direction Laser

- w—

Liquid flow

Figure 2-7 Laser keyhole welding and keyhole defect formation diagram. Adapted from [5].

Because the formation of keyhole induced porosity initiates within the liquified melt pool the
resulting trapped vapor bubbles will form spherical defects. Because of this, keyhole defects are
often identified by their characteristic spherical shape.

As discussed above, the plasma spectral phenomena that occurs during LPBFAM process
provides real time analytics which can be used to identify defects in as-built components. The
objective of this work is to build upon this foundational knowledge to develop and validate an
optical emission spectroscopy-inspired system capable of measuring plasma plume emissions and

identifying defects in multi-laser PBFAM.
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Chapter 3

On-Axis Multi-Spectral Sensor Development

3.1 Objective

The primary objective of the spectral sensor developed herein was to measure the
radiation emitted from the plasma plume created during the laser welding process. The system
must also be able to operate in a multi-laser PBFAM machine which requires independent
monitoring of multiple, simultaneously occurring plasmas. The follow sections detail the critical

design elements incorporated into the proposed spectral sensor to achieve these objectives.

3.2 Optical Design

Process monitoring sensors employed in a PBFAM system are typically configured in an
off-axis arrangement where the entirety of the build plate is imaged by the sensor. In a multi-laser
PBFAM system this type of sensor arrangement is non-ideal due to the inability to distinguish
between the signals measured from each melt pool. To allow for the monitoring of multiple,
simultaneously occurring melt pools an on-axis sensing approach was employed. This method
allows the spectral sensor to utilize the existing optical train of the PBFAM system to image only
the area directly around the melt pool. In this configuration light emitted from the plasma plume
travels back through the laser path, reflects off both galvanometer mirrors, before then passing
through the laser focusing optics and passing through a dichroic mirror designed to reflect the
laser wavelength and transmit all other wavelengths. After passing through the dichroic mirror,

the light is collected by the spectral sensor. This sensing approach is illustrated in figure 3-1.
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Figure 3-1 On-axis sensing approach

The size of the object that can be imaged by the sensor is limited by the field stop which is an
optical parameter of the sensor system. The imaging size of the sensor, otherwise known as field-
of-view (FOV), can be controlled by the operator by introducing a variable aperture iris into the
system. This type of control is advantageous as it allows the operator to fine tune the FOV of the
sensor to reduce the chance of interference from other plasma plumes. However, due to the long
focal length of the overall system, the minimum iris size required to have meaningful control over
the FOV would have to be on the order of 0.1mm. Achieving this diameter in practice is

impractical as adjustable aperture iris’s typically have a minimum diameter on the order of 1mm.
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Additionally, diffraction effects become more significant as the aperture diameter is lowered, so it
is desirable to have a higher aperture diameter. To obtain a proper balance between FOV control
and abiding by practical limitations optical elements were introduced into the design to elongate
the distance between the focusing element and the field stop. This design allows a larger aperture
iris to be used while still allowing for significant control over the sensor FOV. This arrangement

is illustrated in figure 3-2.

a5

b A 100 mm
3D Layout /
6/9/2021 ‘ . Zema).(
Zemax OpticStudio 20.3.2
Adjustable diameter iris OnAxis MSS.zmx

Configuration: A1l 2

Figure 3-2 Sensor optical design with adjustable aperture element

The selected iris has a diameter that is adjustable between 0.8 and 12mm. The effect this diameter
has on sensor field of view is shown in figure 3-3. In this plot field-of-view refers to the

maximum size object that can be imaged by the sensor.
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Aperture diameter affect on FOV
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Figure 3-3 Sensor field-of-view for varying aperture diameters

After passing through the field stop, the light must be separated into its line and continuum
components. This is done with a beam splitter and bandpass filter combination which effectively
splits the beam of light into two different beams that are subsequently filtered down to the desired
wavelengths. These two beams of filtered light are then focused onto the sensor plane of their
respective photodiodes which are used to record the intensity of light. This arrangement is

illustrated in figure 3-4.




18

Figure 3-4 Spectral sensor assembly with eamsplitter and optical filter arrangement

One of these photodiodes is set to monitor line emissions from the plasma plume and is thus
designated the line photodiode. The other photodiode is set to monitor the continuum emissions
from the plasma plume and is thus designated the continuum photodiode. In this setup the optical
bandpass filters used to isolate the respective line and continuum wavelengths are a critical
element of the system and must be properly selected to provide effective monitoring of the laser
welding process. The wavelength of these filters is determined by line spectrum for the material
that is being processed. The sensor system developed herein is designed to monitor the laser
welding of the popular titanium alloy Ti6Al4V for which the line spectrum plot is shown in figure
3-5.
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Figure 3-5 Line spectrum plot for Ti6Al4V [6].
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As the name suggests, the line photodiode is intended to be filtered to a wavelength
corresponding with high intensity lines for the base material. The continuum photodiode, on the
other hand is intended to be filtered to a wavelength corresponding with a lack of high intensity
lines to only capture the background radiation. Based on these principles a reasonable selection
for the line wavelength filter would be 500 nm which corresponds with a region of high intensity
lines for titanium. However, before the photodiode wavelengths are selected, other optical
intensity losses associated with the optical system must be considered. A critical area of intensity
loss is the galvanometer mirrors. The coatings for these mirrors are designed to reflect nearly all
light at the laser wavelength, but the reflectivity at other wavelengths is often much worse.
Additionally the galvanometer mirrors rotate to change the position of the laser beam and this
rotation changes the angle of incidence (AOI) for which light strikes the mirror. If the mirror
reflectivity is not constant across a varying AOI then there will be spatial variations in sensor
signal that must be considered. A spectrophotometer was employed to analyze a set of
galvanometer mirrors to determine effect of incidence angle and wavelength on mirror

reflectivity. The results from this analysis are shown in figure 3-6.
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Figure 3-6 Galvanometer mirror reflectivity analysis.

The spectrophotometry data shows that mirror reflectivity can vary significantly based on AOI
and that reflectivity is poor between 400 — 550 nm. The variation in intensity due to AOI shows
that there will indeed be a spatial variation in spectral intensity. The method to compensate for
this spatial variation is detailed further in the following chapter. To determine which spectral
lines are the best candidates for analysis, the mirror reflectivity was averaged and multiplied by
the spectral line intensities for titanium. The scanner mirror reflectivity data averaged across all

AOUI’s is shown in figure 3-7.

Scanlabs Galvanometer Mirror Average Reflectivity

% Reflectivity (Average of S and P)
o
S
o

250 275 300 325 350 375 400 425 450 475 500 525 550 575 600 625 650 675 700 725 750 775 800
Wavelength (nm)

Average Reflectivity

Figure 3-7 Galvanometer mirror reflectivity averaged.

Multiplying this reflectivity data as a percentage of max reflectivity with the line intensity data
gathered from NIST yields the relative line intensity plot shown in figure 3-8. This analysis was
only performed for the titanium emission lines as the aluminum and vanadium lines in Ti6Al4V

are very weak compared to titanium.
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Figure 3-8 Relative line intensity plot for titanium.
From this relative line intensity data the center wavelength (CWL) for the line photodiode filter
was selected to be 580 nm due to the cluster of medium intensity lines at that region. The CWL
for the continuum photodiode was selected to be 560 nm due to the absence of emission lines at

that region. Both filters were selected to have a full width half maximum (FWHM) of 10 nm.

3.3 Hardware Design and Installation

The main constraint with the hardware design of the spectral sensor was the size
limitations dictated by the available space in the designated PBFAM machine. For this project,
the end machine was a Concept Laser M2 machine. The final hardware design to encapsulate the

optical elements required is shown in figure 3-9.
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Figure 3-9 Spectral sensor hardware design.

This design includes a custom machine mount shown in green to interface between the spectral
sensor and the available mounting fixture on the Concept M2. A fold mirror is located at the start
of the optical path of the sensor to ensure that the sensor system fits within the bounding box
dictated by the Concept M2 which is shown in red. The two photodiodes are shown as the
rectangular gray boxes on the righthand side of the figure. The photodiodes used were C12703-01
avalanche photodiodes from Hamamatsu. Avalanche photodiodes exhibit high sensitivity which
makes them an ideal candidate for sensing in low light conditions. The final installed spectral

sensor assembly is shown in figure 3-10.



Figure 3-10 Spectral sensor installation.

Because the Concept Laser M2 system is a two-laser machine, two identical spectral sensors were

built and installed on the M2’s respective scanner systems.
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Chapter 4

Multi-Spectral Sensor Calibration System Development

4.1 Objective

The primary objective of the spectral sensor calibration system is to provide a means to
correct for the spatial variation in spectral response. As previously mentioned, the position of the
laser beam on the build plate is controlled by the angle of the galvanometer mirrors. As shown,
the angle of these mirrors has a significant effect on how much light reaches the spectral sensor.
This effect results in a spatial variation in spectral intensity independent of the light source
intensity. The calibration system was developed to use a light source of a known and constant
intensity to quantify the spatial variation in spectral intensity and correct for it. Additionally, the
calibration system also has secondary objective to serve as a test bed for using other sensors

within a PBFAM system.

4.2 Calibration System Design

To collect accurate calibration data, it is required that the calibration system be capable of
moving a source of light of a known intensity across the processing zone of the PBFAM system.
In this situation the light source can be seen as an analog for the light emitted from the plasma
plume during the laser welding process. To mimic processing conditions a 3-axis stage system
was designed to fit within the processing bay of the Concept M2 and traverse a light bulb around
the processing plane. The three axes consist of two stepper motors that move the end effector of
the stage in a 2D plane and an additional stepper motor that provides additional movement in the

same plane. This kinematic approach was chosen as it maximizes the reachable area of the end
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effector. Due to the size constraints dictated by the size of the processing bay, a two-axis system
alone would not be capable of covering a significant area of the processing plane. The addition of
a third rotational axis allows the end effector to extend beyond the reach of the two-axis system

alone. This kinematic design is shown in figure 3-11.

Figure 4-1 Calibration stage mechanical design.

To further mimic the processing conditions in which a plasma plume is formed, a
magnetic coupling system was designed to physically separate the light source from the stage
mechanics. This method incorporates a flat aluminum panel which serves as a barrier between the
magnet connected to the stage mechanics and the magnet mounted to the light source. This
ensures that only the light source and the aluminum plate are exposed which provides a good

analog for the processing conditions. Figure 3-12 shows the final stage system located in the
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Concept M2 processing bay. The light source used during calibration is a tungsten bulb which

emits a continuous spectrum of light from 300nm to 1400nm.

Figure 4-2 Stage system placed in the Concept M2 processing bay.

Because the stage system is in the processing bay of the machine during testing, side panels were
incorporated into the design to shield the inside electronics from any leftover metal powder that

may be present. The final design with improved dust proof design is shown in figure 3-13.
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Figure 4-3 Stage system with top cover removed placed in a processing bay.

To control the stage movement, all three stepper motors and corresponding limit switches
are connected to a Duet 2 control board, a popular choice for desktop 3D printers. Using the Duet
allows for the control of the stage system over USB via G-code commands. These commands are
sent from the LabVIEW stage control software shown in figure 3-12. The responsibility of the
stage software is to generate a 2D grid of points and move the light source from point to point,
collected spectral data at each location. Because the FOV of the spectral sensors are limited to the
immediate area around where the laser scanner is aimed, this requires position coordination
between the stage system and the Concept M2 system. This was completed using a TCP/IP
connection established between the stage software host PC and the Concept M2 control PC. Over
this link the stage software interfaces with a corresponding LabVIEW program on the Concept

M2 PC to send position commands for each of the scanners.
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Figure 4-4 Calibration stage control software.

4.3 Applying Calibration Data

This coordination between the two systems allows the stage system to accurately collect
spectral data from each of the two spectral sensors. Data is collected at discrete points across a

two-dimensional grid which yields a spectral intensity grid such as the one shown in figure 3-13.
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Figure 4-5 Raw spectral calibration data for the line photodiode.

Then, a locally weighted scatter plot smoothing (LOWESS) regression is fit to the discrete 2D

data to create a continuous representation of the spatial spectral variation across the build plate.
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Figure 4-6 Regression surface fit to the spectral calibration data for the line photodiode.

This regression surface can then be used to calibrate data points captured during a build.
This is done by first identifying the voltage value on the calibration surface that corresponds to the
position of the build data point being calibrated. The calibration voltage value is then inverted by
dividing the minimum calibration surface value by the selected positional calibration value. This
result is then multiplied to the build data point which yields the calibrated value.

As previously mentioned, the position of the laser beam on the build plate is controlled by
the angle of the galvanometer mirrors. As this data shows, the angle of these mirrors has a
significant effect on how much light reaches the spectral sensor. This effect results in a spatial
variation in spectral intensity independent of the light source intensity. The calibration system was

developed to use a light source of a known and constant intensity to quantify the spatial variation
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in spectral intensity and correct for it. Additionally, the calibration system also has secondary

objective to serve as a test bed for using other sensors within a PBFAM system.

Chapter 5

Multi-Spectral Sensor Functionality Experiment

5.1 Objective

The objective of this experiment is to purposely induce the formation of flaws during the
LPBFAM process to test the ability of the multi-spectral sensor to detect these flaws. As
previously stated, fluctuations in spectral emissions from the plasma plume have been shown to
correlate to the existence of build defects in as built parts. Keyhole defects are a subcategory of
build flaws that form due to excessive laser energy creating a deep melt pool which has the
propensity to result in the formation of trapped gas porosity. In this experiment, keyhole defects
are induced in certain parts by decreasing the laser speed and spot diameter. Additional parts are
fabricated with nominal build conditions for comparison. Computed tomography (CT) scanning
of the built parts was used to quantify the porosity present in each part which was compared
against the bulk spectral data captured to determine the relationship between flaw formation and

spectral SENSOor response.

5.2 Build Plan

This experiment was executed using Ti6Al4V powder on a Concept M2 dual laser
PBFAM system with multi-spectral sensors installed on both scanner systems. To test the effects

of defect formation on spectral response, small test cylinders were distributed across the build



plate and assigned to one of two lasers and one of two parameter sets. The cylinder model is

shown in figure 5-1.

The build parameters for each cylinder were selected from previous single-track experiments

performed on the same system. From this previous experiment, a parameter set that produced
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Figure 5-1 Cylinder model used for experimentation.
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ideal weld beads was selected as the nominal condition and a parameter set that produced keyhole

defects was selected as the keyhole condition. These two parameter sets are summarized in table

5-1.
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Table 5-1 Build parameter sets.

Spot
Parameter Norm. Power Speed Layer height Diameter Hatch
Set Enthalpy [W] [mm/s] [um] [um] Spacing [um]
Nominal 2 7.9 400 615 100 200 208
Keyhole 2 12.52 350 445 100 150 201

As shown in figure 5-2 the nominal parameter set produces welds with an ideal depth to width
ratio while the keyhole parameter set results in a high aspect ratio melt pool which results in the

formation of trapped gas porosity.

Figure 5-2 (A) Nominal parameter set weld cross section (B) Keyhole parameter set weld

cross section.

A total of 24 cylinders were built. 12 cylinders were designated for each laser with each group

being split among the nominal and keyhole parameter sets. This layout is shown in figure 5-3.
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Figure 5-3 Cylinder build layout

The cylinder build was initially designed to be one of three experiments performed in one build,
however due to a data recording error, only spectral data from the cylinder experiment was

recorded. Because of this, only the cylinder portion of the build will be discussed in this paper.

5.3 Data Processing

Raw data from the multi-spectral sensors, along with scanner position and laser power
data is recorded to a database file. Each database file contains the data for a single layer and the
name for each file is incremented to indicate the layer number. The raw data is then processed
using a file conversion script which performs timing corrections, converts scanner positions to
machine coordinates, and exports the data into a new file. This process is shown in figure 5-4.
Currently the script is capable of outputting files in Paraview, Matlab, or CSV format. The data

discussed herein will be analyzed using Paraview.
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Figure 5-4 Data processing diagram

5.4 Porosity Analysis

Each as-built cylinder was removed from the print bed and analyzed for porosity using a
CT scanner. Each cylinder was scanned at a 10-micron voxel resolution and imported into
Volume Graphics (VG) studio for further analysis. Using the built in VG Easypore module to
identify voids in each component. This was used to determine the total number of flaw voxels
present in each cylinder. This data were then compared with the captured spectral data to draw

relationships between the presence of flaws and the captured data.
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Chapter 6

Results and Discussion

6.1 Visual Analysis

The as-built parts including the omitted components are shown in figure 6-1. All parts
were completed successfully without any failures or build stoppages. The as-built parts were
separated from the build plate using an electric discharge machining (EDM) tool and were

subsequently analyzed.

Figure 6-1 Final build including omitted components.
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The spectral data captured during this build were reconstructed in Paraview to provide a 3D view

of the captured data. This visualization is shown in figure 6-2.
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Figure 6-2 3D visualization of spectral data.

The most notable visual feature exhibited by all components in the build was a periodic change in
layer height around all external contours. This height variation resulted from an unstable melt
pool size which was likely induced by improper contour parameters. In this build, the contour
lasing parameters were kept equal to the hatch parameters instead of using contour-specific
parameters. This resulted in an unstable melt pool formation on the contours which built up from
layer to layer, forming striations that are visible of the final parts. These striations are shown in

figure 6-3.
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Figure 6-3 Cylinder specimen showing vertical striations resulting from contour melt

pool instability.

This melt pool instability resulted in the formation of a fluctuating plasma plume, which is
evident in the spectral data presented in figure 6-4. This shows an oscillating spectral response on
the contour which corresponds to the striations shown in figure 6-3. This shows that peaks in
spectral response correspond with the peaks in melt pool size. In the case of an unstable melt
pool, this response is expected as a larger melt pool is expected to produce a larger plasma plume

and emit more light.
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Figure 6-4 The peaks of the melt pool size show up as peaks in raw spectral intensity.

In addition to the oscillating spectral response due to melt pool instabilities, a prominent spectral
response formed at the same vertical location on all cylinders which corresponded with the

start/stop locations of each contour. This effect can be seen on the left-hand side of figure 6-5.
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Figure 6-5 Prominent spectral response resulting from the start/stop of each contour.

At the start/stop location for each contour there is a peak in melt pool size corresponding with the
other periodic melt pool peaks located around the perimeters of the samples. This periodicity
occurs for both the line and continuum sensors but is noticeably amplified for the line photodiode
as shown in figure 6-6. This figure compares the photodiode responses for the contours and the
hatches. This shows that the contour distributions are wider and possess a significant peak at ten

volts due to sensor saturation.
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Figure 6-6 Frequency distribution for line and continuum values on contours and hatches.

6.2 Internal Porosity Analysis

CT scan data collected for each sample showed a high degree of porosity present in both
the keyhole and nominal cylinders. Example CT data from a cylinder processed under nominal
processing parameters and parameters intended to induce keyhole instabilities are shown in figure
6-7 and 6-8 respectively. Such a high degree of porosity in the nominal cylinders was unexpected,

however the porosity is significantly less than that of the keyhole cylinders.
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Figure 6-7 XY CT slice from nominal cylinder A4.

In the nominal cylinders, flaws are often located near the part surface, seeming to follow the path
of the contour with other flaws randomly situated throughout the volume of the cylinder. Within

the keyhole cylinders straight lines of flaws are formed corresponding to the hatching paths.



Figure 6-8 XY CT slice from keyhole cylinder Al.

The manufacture of the keyhole cylinders was a success, in that each cylinder contains a high
degree of porosity. The nominal cylinders produced less ideal results due to the higher than
expected porosity. Despite this the porosity, analysis shows that keyhole cylinders have
significantly higher porosity than nominal which is confirmed in figure 6-9. This result was

expected and paves the way for further analysis of the spectral data collected during the build.
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Figure 6-9 Average number of defect voxels (10 micron voxel size) for nominal and keyhole

cylinders.

Using the line and continuum signals collected during the build, the line-to-continuum ratio was
calculated. The resulting frequency distribution of line-to-continuum values in both the nominal
and keyhole cylinders is shown in figure 6-10. These data shows that the average line-to-
continuum value for the nominal cylinders is significantly less than that of the keyhole cylinders.
Additionally the distribution of line-to-continuum values for the keyhole cylinders is broader than

that of the nominal set.
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Figure 6-10 Frequency plot for the line-to-continuum ratio associated with both nominal and

keyhole cylinders.

These results show that the cylinders with higher degrees of porosity exhibit a higher average
line-to-continuum ratio. This analysis was only completed for the spectral data captured from
laser one due to the aforementioned saturation in the photodiode signal from the laser two sensor.
This saturation leads to erroneous line-to-continuum calculations which do not make it suitable

for further analysis.
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Chapter 7

Conclusions and Future Work

This work has introduced multi-spectral monitoring method suitable for use in multi-laser
PBFAM systems. An on-axis multi-spectral sensor was developed which was paired with an
electromechanical stage system designed to assist in calibrating the sensors. To assess the
efficacy of using this system as a means to detect the real time formation of flaws in-situ, an
experiment was executed to compare the use of nominal processing conditions vs a keyhole
condition intended to produce higher levels of bulk porosity. The build specimens produced from
this build were subsequently CT scanned and analyzed to quantify the levels of porosity in each
part.

While all the part produced during the build experiment exhibited a high degree of
porosity, the keyhole samples produced the highest levels of porosity. Void analysis of the CT
data confirms that the defect area in the keyhole specimens was approximately double of that for
the nominal specimens. Bulk spectral analysis of these parts show that the keyhole specimens
exhibit a significantly higher average line-to-continuum ratio than the nominal specimens. This
shows a strong correlation between bulk porosity in as-built parts and the line-to-continuum ratio
calculated from the spectral data recorded during the build. This agrees with prior research that
has shown a correlation between the line-to-continuum and the presence of build defects [2], [19],
[31]. This shows that the line-to-continuum ratio provides a valuable insight into the formation of
defects in as built parts.

Valuable insight was also gained on how melt pool instability affects the plasma plume
formation during the laser welding process. A periodic change in melt pool size along the part
contours compounded each layer to form a wavy top surface. The peaks and valleys of the

contours caused by this melt pool instability are mirrored by peaks and valleys in the spectral
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data. This shows that spectral data captured using the line and continuum analysis approach can
be used to identify build defects that arise due to melt pool instabilities.

These results show that the on-axis spectral sensing approach developed herein is an
effective way to adapt the line and continuum spectral monitoring method for use in multi-laser
powder bed fusion systems. This on-axis approach solves the issue of sensing in a multi-laser
system, however, it also introduces new challenges and complexities into the overall system. The
most significant challenge was compensating for the spatial variation in spectral intensity
measured by the spectral sensors. The solution to this problem was the development of a multi-
axis electromechanical stage system which moves a lightbulb of a known emission spectrum
around the processing plane while data is collected by the spectral sensors. This process yields
data that is then used to compensate for the spatial variation in spectral sensor response. It was
found during the development of the calibration system that an extremely uniform light source is
required to perform an accurate spectral calibration which is difficult to achieve using the halogen
bulbs which served as the main calibration light source in this project. Characteristics of the light
bulb such as bulb shape and glass opacity were discovered to be significant factors in uniformity
of the emitted light. Because the galvanometer scanners are aimed at the light bulb from different
angles during the calibration process it is imperative the light emitted from the bulb be as uniform
with respect to radiance angle. To determine if a light bulb is an acceptable calibration light
source, future work should include the characterization of light sources using a spectrophotometer
to determine how uniform the emitted light is. Future work should also investigate the use of
LED’s with high color rendering indices (CRI’s) to determine if they are a suitable candidate to
replace the halogen bulbs used as calibration light sources in this paper. The use of LED’s would
allow for the development of a completely solid-state calibration system, replacing the current
electromechanical stage system with a single PCB containing an array of LED’s. This approach

would lower costs, increase usability, and increase the positional accuracy of the calibration
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system. It is also worth investigating whether the use of the reflectivity data of the galvanometer
mirrors captured using a spectrophotometer could be used to create an accurate simulation of the
spatial variation in spectral intensity. This approach could potentially remove the need for an
external calibration system altogether.

What has been shown in this work is the ability to use in-situ spectroscopy-based sensing
data to determine the relative presence of bulk porosity in parts fabricated via PBFAM. Further
research is required to determine the efficacy of using this method to determine if this approach is
applicable for identifying the location of individual defects. This requires the position of
individual flaws to be compared against the local spectral data to determine if any correlations
exist. A key result found from the experiment was the high levels of porosity in the nominal
cylinders. Even though the porosity was less than that of the keyhole cylinders it was still a
significant presence and is therefore desirable to detect. Further research into the spectral
response received from the manufacture of relatively error free parts is needed to determine if the
current spectral sensing system can make such determinations.

This work builds upon a photodiode based spectral sensing approach established in prior
research to adapt it for use in multi-laser powder bed fusions systems. The experimental results
show that the on-axis spectral sensing system developed herein is an effective approach for
identifying build defects such as trapped gas porosity and melt pool instabilities that can form
during the metal powder bed fusion process. The use of this sensing approach is therefore a good
candidate in the future for the real time detection of build defects to help accelerate the

qualification of components manufactured via PBFAM.
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Appendix A

Build Experiment Images

1. Cylinder close up:
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2. Contour waviness due to melt pool instability:
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Cylinder grouping:
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Appendix B

Reconstructed Spectral Data Images

1. Nominal cylinder A4 continuum voltage:

2. Nominal cylinder A4 line voltage:
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Nominal cylinder A4 line-to-continuum ratio
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