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Abstract

Additive manufacturing (AM) processes are limited in application by systematic and stochastic
flaws that are produced during the process. In order to avoid this limitation, sensing strategies for
the AM process are being developed. Using optical emissions spectroscopy and plume imaging,
flaws generated during directed-energy deposition (DED) AM processes were investigated. Ti-
6Al-4V coupons are built using varying laser power, powder flow rate, and hatching pattern to
induce random and systematic flaws. Archimedes density measurements and X-ray computed
tomography (CT) scans were completed on each part to determine flaw density and flaw locations.
Three quantifiable metrics based on the state of the plume during processing were developed,
analyzed and compared to the post-build CT scans: (1) line-to-continuum ratio around 430 nm, (2)
line-to-continuum ratio around 520 nm, and (3) total plume area. For coupons built with constant
laser power, variations in either powder flow rate or hatch pattern that led to an increase in flaw
density were found to be accompanied by an increase in median line-to-continuum ratios around
430 and 520 nm and in total plume area. All three metrics appear to measure the same phenomena,
1.e. they were internally consistent with each other. The conclusion is that optical emissions
measured during DED processes can be used for flaw detection and presents a path forward for

real-time flaw detection and assessment of build quality in DED and powder-bed-fusion processes.
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Chapter 1

Introduction



1.1 Motivations and The Impact of Additive Manufacturing

Additive Manufacturing (AM) is revolutionizing manufacturing by enabling conventionally
unattainable design freedom with little tooling and short lead-times. Recently, General Electric
(GE) redesigned its jet engines to increase fuel efficiency and reduce emissions. Engineers at GE
determined that an area of opportunity was to improve the fuel nozzle’s design. The engineers then
proceeded to design a more efficient nozzle, but they quickly found that the designs they created
were much too complex for traditional manufacturing processes such as casting or brazing, because
of the complex internal channels needed. Their solution was to additively manufacture the parts so
that they could build the complex channels on a layer by layer basis instead of needing to go back
and machine and assemble it later. Their result was the GE LEAP engine which reduced a system
of 900 parts down to 16 [1]. But the application of AM is not just limited to industrial applications
such as part consolidation and the development of parts containing complex geometries, it is an
important tool in the medical industry as well. The ability to make a one-of-a-kind part to fit a
specific patient has been a subject of interest for many years. A custom part makes it easier to
match a person’s body type and makes it more user friendly than a universal part. For example, the
dental industry is using AM to produce dentures that exactly match a patient’s anatomy and are a
perfect replacement for their original teeth [2].

Additionally, AM has been analyzed for its environmental impact and the sustainability of the
process. Chen et al. [3] discussed some of the environmental benefits that may be attainable
using AM. They showed that scrap reduction was a positive aspect of the AM process because
it reduced the amount of base material that had to be produced, shipped, and later recycled. In
addition, they discussed the fact that an AM supply chain can be much shorter than a traditional
supply chain because the parts can be produced on site or at a much closer facility. This reduces
the transportation’s contributions to the part’s carbon footprint. They also discussed that AM leads
to less overproduction, i.e., parts are only made when they are needed, thus reducing the number

of parts in storage. This not only decreases the number of warehouses that must be built and



maintained, but also reduces the amount of energy and material used to create the surplus parts.
Finally, they discussed some of the potential negative environmental impacts, such as the large
amount of energy used in the process to form the feedstock and deposit the part. Huang et al.
[4], determined that the high energy consumption used in the production of AM parts is actually
lower than that of a conventionally formed part. They looked at different aspects of the process and
determined that a significant energy savings is found when only producing parts that are needed,
i.e., not producing a warehouse of replacement parts. In addition, they determined that AM parts
are typically lighter than a conventionally formed part. This leads to an energy savings in the
aerospace industry.

Finally, AM has use for the repair of parts. Traditionally, when a part is worn out, it is replaced
with a brand new identical part. One issue is that this requires a large warehouse full of replacement
parts which are often located away from the object’s location, requiring time to find and ship the
part. AM provides the ability to deposit new material atop a worn part, permitting reuse of the
part. This reduces the typical lead-time for a replacement part, and allows the repair of parts in
remote locations. Frazier et al. [S] discussed the repair of turbine blades in the Army using a laser
engineered net shaping (LENS) system. Additionally, Mudge et al. [6] discussed the repair of
driveshafts and the cladding of oil-field components using the LENS process.

While AM has seen significant growth in many areas, qualification of the process, especially
for critical applications, remains a significant hurdle. In-situ process monitoring and detection of
flaws and defects — defined as discontinuities “that by nature or accumulated effect render a part or
product unable to meet minimum applicable acceptance standards or specifications” [/]] — offers a
promising opportunity to assist in the qualification process. By detecting flaws during processing,

a build can either be aborted to curtail losses or repaired to produce a flaw-free part.



1.2 Summary of Additive Manufacturing Processes

Additive Manufacturing describes a wide range of manufacturing processes where a component
is built layer by layer. This is in contrast to traditional, subtractive manufacturing processes, where
material is removed from a component to add a feature to the part (e.g. machining or cutting).
Within AM, there are many possible feedstocks, including polymers, metals, and bio-materials,
and different manufacturing processes (e.g. powder bed fusion (PBF), directed energy deposition
(DED)) [8]]. Here, the focus is on laser-based, powder-fed, directed-energy deposition (DED).

Laser-based DED is a process in which a laser provides energy to the substrate, forming a
small melt-pool. As the melt-pool is being formed, feedstock is introduced into the melt-pool. In
powder-fed DED, powder is blown into the melt-pool using an inert assist gas, such as argon. A
portion of the powder (< 100% ) is captured by the melt-pool and increases the melt-pool volume.
Tracks (single lines of deposited material) are formed by translating the substrate relative to the
laser and powder flow. Layers are formed by depositing overlapping tracks adjacently until the
desired 2-D shape is attained. Parts are then formed by depositing layers atop prior layers until the
desired 3-D geometry is achieved. This processing typically occurs within an inert environment to
avoid contamination and oxide formation during deposition [9].

Within a DED process, there are numerous processing parameters that can be changed. Corbin
et al. [10] determined the effect of common processing parameters including laser power, travel
speed, working distance, substrate preheat, and track order on the deposition of Inconel 718. They
found that increasing the travel speed decreased the height of the track, whereas increasing working
distance increased the height, and increasing laser power increased the height but to a lesser extent.
Furthermore, they determined that increasing laser power leads to an increase in track width, and
a decrease in travel speed leads to a decrease in track width. Working distance was shown to have
little effect on the width of the track. They additionally showed that substrate preheat can increase
the track width and height by 10.5% and 22.2%, respectively. Finally, it was shown that track

order had very little effect on both track height and width. Wang et al. also studied the effects of



laser power on the deposition process of 304L stainless steel [11]. They found that walls built with
higher laser power had larger grain sizes than walls built with lower laser power. They concluded
that higher laser power yields a larger melt-pool. This melt-pool then has a smaller thermal gradient
than a smaller melt-pool, thus cooling more slowly. A slow cooling rate leads to increased grain
growth. Through this grain growth, the mechanical properties are degraded, as explained by the
Hall-Petch relationship which relates grain size to yield strength [[11]. Generally, if the component
contains small grains, it will have a higher yield strength than a component with large grains. In
summary, there are many parameters that can be controlled within a DED process, each with its
own effect on the dynamics of the process and the condition of the resulting part. As such, it is

important that proper processing parameters are selected to produce high-quality components.

1.3 Flaw Formation During DED Processes

Flaws are often generated during DED processes and can be classified into two major cate-
gories, inter- and intra- layer flaws. Inter-layer flaws occur between two deposited layers, while
intra-layer flaws are formed within a layer. Flaws are often further classified into two categories:
porosity, and lack-of-fusion. Lack-of-fusion is caused when insufficient energy is provided to
fully melt a current track and partially melt neighboring and underlying tracks. These flaws are
often caused by improper processing parameter selection, and are mitigated by optimizing the
laser power and powder flow rate. Keyhole pores can be formed when using a high-power energy
source. If sufficient energy is provided to the melt-pool, the laser-material interaction can trans-
fer from conduction mode to keyhole mode. Instabilities in the keyhole can cause it to collapse
and form a pore. Finally, gas porosity is formed by a combination of porosity within the powder,
and absorption of the inert process gas. See DebRoy et al. [12] for further discussion regarding
mechanisms of flaw formation in DED.

According to Susan et al. [13], inter-layer lack-of-fusion flaws, are typically elongated with an

irregular shape. In contrast, intra-layer porosity, or gas porosity, is typically spherical in shape and



does not correspond to a physical feature of the part (i.e. layer, microstructure, etc.). In addition,
lack-of-fusion flaws are typically more prevalent near the substrate. It is postulated that this effect
is due to heat dissipation by the substrate [13]]. On successive layers, the temperature of the coupon
increases, and the deposition surface is effectively preheated, thus reducing the energy needed to
form the deposition. Ashan et al. [14] investigated the effect of powder-atomization technology
and processing parameters on the deposition of Ti-6Al-4V. They discovered that powder feedstock
formed using gas atomization has a higher volume of pores in the powder than a plasma rotating
electrode (PREP) powder. It was shown that coupons built with PREP powder have a lower level of
intra-layer porosity as compared to the gas-atomized powder, for the same processing parameters.
Additionally, they determined that an increase in powder flow rate decreased the coupon porosity
up to a certain value (0.066 g/s), beyond which the porosity value began to increase again. Finally,
they determined that coupons built with PREP powder have, on average, larger pores than gas-
atomized powder. Wang et al. [15] found that AISI 316L coupons built with a higher oxygen
content in the build chamber tended to have larger inter-layer porosity values. The pores were
irregularly shaped and appeared to be the coalescence of many pores. They postulated that this
effect was caused by oxidation, and that oxides likely remain in the solid state during melting
and affect the wetting of the material. Inter-layer porosity was accompanied by un-melted powder
particles.

Systematic flaws such as lack-of-fusion and porosity are formed while processing with con-
stant, unoptimized input parameters. The selection of optimized input parameters, leading to a
reduction in systematic flaws, has been the topic of many research efforts. However, it has been
observed that random or stochastic flaws also occur during processing with optimal parameters, i.e.
these flaws are not systematic. Unfortunately, there have been few studies on stochastic flaws, and
the processes that underlie their formation are poorly understood. Therefore, the need for process
monitoring is two-fold. First, input parameters such as laser power, powder flow rate, etc. need
to be monitored to ensure that the input parameters are appropriate to prevent the formation of

systematic flaws, and also to validate that no processing parameter shifts occur during processing.



The second need for process monitoring involves the detection of anomalies and stochastic flaws
that may occur during processing. If such flaws are identified in real time, it is likely possible to
remelt and repair the flaw before the deposition of subsequent layers. Since stochastic flaw forma-
tion and prevention is poorly understood, the detection of these flaws is important to ensure that

quality parts are manufactured.

1.4 Process Monitoring Methods

Process monitoring is receiving a lot of attention for the DED process as a means to ensure that
internal flaws are detected and that all specifications are met. While many post-process analysis
methods exist for metallic materials, these processes are expensive and requires a part to be fully
developed before inspection. In-situ sensing determines the quality of the part before all subse-
quent value-added processes are performed on the part, thus curtailing material and time losses
that would be incurred by completing the deposition and producing a failed part. Different ap-
proaches have been investigated toward in-situ sensing and control of AM builds, as outlined in
survey and review articles [[16} (17, 18} 19} 20} 21} 22].

Sensors that have been applied to DED include acoustic sensors, image-based sensors, spec-
trometers, and temperature sensors. Acoustic monitoring is mainly used to investigate phase trans-
formations, crack formation, weld surface flaws, and plasma fluctuations. Electromagnetic acous-
tic transducers (EMATS) can be used to detect voids in a weld but are not well developed for use in
AM processes yet. Coaxial cameras can be used to determine the size and shape of the melt-pool,
while a coaxial photodiode can measure the temperature of the melt-pool. Additionally, two-color
pyrometers have been used to measure the average melt-pool temperature. Spectrometers have
been proven useful to analyze the composition of the plasma plume, and suggests that a correla-
tion between optical emissions and flaws in the part may be present. Another approach is to use
thermocouples to measure the melt-pool temperature directly. Sensor data can also be fed into

controllers to adjust processing parameters. Temperature measurements have been successfully



fed into a controller to adjust incident laser power by either increasing wattage, or changing the
stand off distance. Many sensing and control methods fall into two major categories: melt-pool

monitoring and optical emission spectroscopy.

1.4.1 Melt-Pool Monitoring

By far, melt-pool sensing using infrared cameras, pyrometers, and thermocouples is among
the most popular techniques within the research community [23] 24} 25| 26, 27]. Hu et al. [23]
demonstrated the use of a CCD camera filtered to near-infrared wavelengths (NIR) to monitor the
temperature of the melt-pool. This technique requires the emissivity of the melt-pool to be known.
Here they chose a static emissivity value of 0.3 and used this value consistently throughout the
experiment. The temperature of the melt-pool can then be calculated using a modified version of
Wien’s Law. They were able to then use this information for closed loop control and simulation of
the process. Kriczky et al. [24] demonstrated the use of a coaxial two color pyrometer to measure
thermal metrics of the melt-pool. By examining the ratio of two different emission line in the NIR
- IR range, a temperature measurement of the melt-pool can be acquired. They used this technique
to develop a series of thermal metrics such as the length-to-width ratio, and the maximum melt-
pool temperature. Craeghs et al. [25] showed that a filtered photodiode could serve as a proxy for
the melt-pool size, and a filtered high-speed CMOS camera could be used as a proxy for melt-pool
temperature. This information was then used as feedback to control the process. Furumoto et
al. [26] also utilized a two color pyrometer to measure the melt-pool temperature. They used two
different targets each with a thermocouple to calibrate the pyrometer. They also used a cut-off filter
to remove the effect of the laser beam. This cut-off filter effectively removed all radiation below
1600 nm. In addition, they used a high speed camera with a metal halide illumination lamp to
measure the consolidation of powder particles as the process continued. Finally, Hu et al. [27] also
used an infrared camera to monitor the temperature and size of the melt-pool. Here, a filter was
included in the setup to reduce the influence of high-intensity light from the process. In addition,

they used a separate camera filtered to a certain wavelength to verify the size of the melt-pool that



was measured with the infrared camera. They were able to use this information to determine the
gray level isotherms which are directly related to thermal gradients in the part. They used this
information to create a more accurate finite element model of the process.

While each of these articles provides a useful approach to monitoring the process, these tech-
niques are often limited in practice. IR cameras require the emissivity of the melt-pool to be known
and often assume that this emissivity is constant through the entire process. Additionally, the mea-
surements from these sensor are often limited by interactions with the highly excited plasma that is
formed above the laser-interaction zone. To allay these concerns, alternative sensing strategies for
AM involves monitoring and analyzing spectral emissions from the vapor/plasma plume generated

during the laser-material interaction.

1.4.2 Optical-Emission Spectroscopy

Optical-emission spectroscopy (OES) has been used for many years in sensing laser processes.
Early work applied conventional OES techniques to plumes generated during CO,-laser welding
of stainless steel and titanium, and showed that the metal-vapor plume is likely in a state of local
thermodynamic equilibrium (LTE) [28]. This conclusion was used to justify the use of spectral
linewidth measurements for electron density and temperature calculations, and the use of relative
line emissions for estimation of electron temperatures within the plume [29, 30]. Using the ratio
of emission lines, i.e., the Boltzmann plot technique, Ancona et al. [31] measured the excitation
temperatures of iron, chromium, and magnesium vapors during CO,-laser welding of AISI 304
stainless steel and found that welding quality correlates with temperature fluctuations in one or
more species. OES has also been used in CO,-laser welding to study the effects of gas shielding
[32]], vaporization [28} 33], and weld quality [34]. Processing regimes have been optimized and
oxidation has also been assessed during CO,-laser nitriding of titanium via OES-based plume
imaging [35]]. Tewari et al. [36] also showed that, for CO,-laser cladding of a niobium-based alloy,
clad thickness, and the concentration of alloying elements are related to the intensities and ratios

of Nb, Hf, and Al emission lines. Using a system of six (6) optical sensors, including photodiodes,
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spectrometers, and cameras, You et al. [37] demonstrated that optical emissions can be used to
develop and validate a non-linear model of the laser welding process.

More recently, OES has been applied to sense DED AM processes. Song and Mazumder [38]]
demonstrated the ability to measure chromium content during the deposition of pure chromium
onto H13 Tool Steel. In subsequent work, they showed that spectral line-emission ratios were in-
dicative of phase transformations [39]. In addition, Ya et al. [40] showed that iron-line intensity
ratios are indicative of process stability in laser deposition processes, and the electron tempera-
ture can be indicative of clad dilution. Bartkowiak [41] demonstrated that spectral emissions vary
greatly with laser power or scan speed. Song et al. [42] further demonstrated that support-vector
regression can be used to increase the accuracy of in-situ composition measurements. Contrary to
other in-situ composition measurements that are affected by the intensity of the laser, they were
able to achieve an accurate composition prediction across a range of laser power. Liu et al. [43]]
demonstrated that spectral emissions were indicative of clad instabilities in the laser cladding pro-
cess. Nassar et al. [44] recently demonstrated that line-to-continuum ratios about certain spectral
lines may be used to detect lack-of-fusion flaws generated during the laser directed energy deposi-
tion (DED) process. Recently, work by Nassar et al. [45] illustrated that plume geometry is closely

related to processing parameter variations for laser deposition processes.

1.5 Outline of Thesis

This work investigates the use of OES and plume imaging for monitoring of DED processes.
Section 2.1 summarizes the key DED AM processing parameters — including laser power, powder
flow rate, and hatch pattern — that were varied to induce flaws in the coupons. Section 2.2 presents
the procedures used to capture and analyze the optical emissions that were generated during the
process. A summary of each sensor, its purpose, and the data that was captured is also summarized
in this section. Additionally, the Matlab scripts that were written to process and analyze the data

are summarized in Appendix |A]to fully describe the tools that were developed to analyze the data.
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Section 2.3 details the procedures that were followed to analyze the data, and the equations used
to calculate the line-to-continuum ratio, as well as the total plume area and flaw density.

Chapter 3 presents the results and analysis of the experiments, namely that metrics calculated
from optical emissions do indeed correlate to flaws detected in a coupon. Section 3.1 demonstrates
that isolated flaws in an otherwise flaw-free coupon can be detected through large increases in
total plume area, as well as the intensity of spectral emissions. Section 3.2 shows that median
plume metrics — line-to-continuum ratios around 430 and 520 nm, and total plume area — can
be correlated to the total flaw density of a coupon. In other words, as the median of each plume
metric increases in value (for a constant laser power), a corresponding increase in flaw density is
observed. Section 3.3 presents the concept of internal consistency. Here it is verified that each
plume metric is indeed measuring the same phenomena, i.e., the excitation of the plasma plume.
By calculating the Pearson correlation coefficient, each combination of plume metrics is shown to

have a linear relationship and therefore is internally consistent.

Portions of this thesis have been previously published by Stutzman et al. [46]. The author’s
contributions to that work included conducting experiments, analyzing and reporting experimental
results, as well as formulating hypotheses based on observations. Such material is reprinted here

with the permission of the author and the journal of additive manufacturing.
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The material in this section describes the materials, processing parameters, sensors and data
processing methods used in this experiment. Section 2.1 describes the materials and parameters
used in the experiment. Section 2.2 describes the sensing setup that was implemented, including
a short description of each sensor. Section 2.3 concludes this chapter with a description of the

post-processing inspection methods used.

2.1 Materials And Processing Parameters

Design of the test experiments involved many considerations to account for differing processing
conditions and to allow for position synchronization during the data analysis process. The coupons
were built using Ti-6Al-4V feedstock manufactured by EOS (spherical, argon-atomized powder
with a D50 of 37.72 microns). A rectangular test coupon, as shown in Figure 2.1} was chosen
with dimensions of 15 x 15 x 10 mm (I x w x h) which yielded 12 hatches per layer and a total
of 40 build layers. The coupon was deposited upon a 6.35 mm (0.25 inch) thick rolled Ti-6Al-4V
substrate. In addition, a small 90° deposition was deposited on a known corner of the substrate to

allow for position registration during data analysis.

Figure 2.1: Post-build image of one test coupon, scale is in cm.

A set of processing conditions, summarized in Table 2.1) were chosen to replicate processing
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condition shifts that could occur during a DED process, e.g. laser power may decrease due to

increasingly dirty optics, and would likely result in systematic and random flaws being generated.

Each coupon was built with one combination of processing conditions and these processing condi-

tions remained constant throughout the entire deposition. In addition, the parameters listed in Table

were held constant through all coupons builds. Processing took place in an argon environment,

and chamber conditions were regulated to a gauge pressure of 1-3 inches of water (0.25-0.75 kPa)

with a starting oxygen concentration of less than 20 ppm.

Table 2.1: Summary of variables for each build

Run # Laser Power (W) Powder Flow Rate (g/min) Hatch Pattern

1 300
5 300
6 300
7 300
8 300
9 300
11 425
12 425
13 425
20 475
22 475

VS I \C I S S USROS I \S I\

Parallel
Cross
Parallel
Cross
Parallel
Cross
Cross
Parallel
Cross
Parallel
Cross

Table 2.2: Summary of fixed parameters during all builds

Constants

Speed (mm/s) 10.6
Layer Spacing (mm) 0.254
Hatch Spacing (mm) 1
Hatches per layer 12
Layers per sample 40

Two different hatching strategies, as shown in Figure were used to build the coupons. The

parallel-hatching pattern used build vectors that were parallel to each other on adjacent layers. In

contrast, the cross-hatching pattern rotated all build vectors 90° between each layer. For both cases

the direction of each hatch reversed between hatches.
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(a)

7 Nri/4
%

Figure 2.2: (a) Parallel-hatching pattern, (b) Cross-hatching pattern

2.1.1 Processing

The coupons were built in an Optomec LENS MR-7 DED system. The LENS system is a DED
system with a work area of 300 x 300 x 300 mm within a controlled-atmosphere chamber. This
chamber is filled with an inert shielding gas such as argon, and contains a gas purification system
that removes O, from the chamber and recirculates the gas to ensure that the oxygen content
remains below a set ppm value. The LENS machine uses three different axes: X,y,z to build each
coupon. Coupons are moved linearly along the x-y directions on a pair of stages, while the laser
is moved in the z direction using a third linear stage. This system uses a 500 W (maximum)
IPG Ytterbium-doped fiber laser for deposition. The second-moment diameter of the beam at
the substrate was 1.24 mm, as measured with a Primes GmbH FocusMonitor system. Powder is
provided to the melt-pool using two independent powder feeders, each capable of holding ~2 L of
powder [47].

A stock LENS machine uses OEM control software and machine-code to control the build
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process. The system that was used in this experiment has been modified to use custom control
software to control the powder flow, stage position, laser stand off distance, and laser status. This
custom software allows more direct control of process parameters than would be available in the
stock LENS software. This software also enables direct connection of custom data acquisition

equipment to ensure accurate position and time data synchronization.

2.2 In-process Sensing

Position and time synchronized data were collected during the deposition of all coupons using
three different sensors. The sensors included a UV-VIS-IR spectrometer, four filtered photodiodes,
and a camera filtered to 430 nm. The sensors were mounted in the Optomec LENS MR-7 system as
shown in Figure [2.3]and were focused such that they observed the laser-material interaction zone.

Additional sensor details are provided in Sections 2.2.T|and [2.2.2]

Plume Cameral
152 mm £30°

109 mm £200° §

Figure 2.3: Sensor layout within the build chamber. ”*” represent the approximate location of the

laser-material interaction zone.

2.2.1 Spectrometer

An Ocean Optics HR2000+ UV-VIS-IR spectrometer was used to collect uncalibrated spectra
from the light emitted by the laser-interaction zone during the deposition of each coupon. The spec-

trometer was configured to integrate the light received for 20 ms and then save that spectrum, along
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with its corresponding position and time, to a comma-seperated-variable (CSV) file. A single-core
fiber optic patch cable (600 pm, 0.22 NA) was used to connect the HR2000+ spectrometer to a
fiber optic mount within the build chamber. A cover glass was used to protect the end of the bare

fiber during deposition.

2.2.2 Plume Camera

Plume images were captured using a Basler Pilot piA640-210gm CCD camera with a resolution
of 648 by 488. This camera was coupled to a 430 nm band-pass filter to image Ti I emissions that
were present in the plume. The choice of 430 nm will be discussed further in Section [2.4.1] The
plume camera was configured with an exposure time of 10 ms with a new frame being returned
every 20 ms. These frames were then saved with names corresponding to the image’s position
and time. The plume camera was mounted in the rear of the build chamber and was focused to
image the region directly above the laser-material interaction zone. A series of calibration tests
were performed in which a grid of known area was placed on a build plate at the laser-material
interaction zone. This grid was then imaged by the plume camera producing an image from the
perspective of the camera. This image was then imported into an image processing program and
the number of pixels in several parts of the grid were calculated. Using the known grid dimension,
a pixel per millimeter value of 55 pim”:—zis was calculated and used to calculate the total plume area
as detailed in Section Further calibration, including image transformation, was attempted on
the calibration grid image, but upon calculation of the error between the transformed image and the
as-captured image, it was determined that using the as-captured image would sufficiently represent
the plume’s condition for this work. In addition, it was determined that applying a geometric
transformation was impractical with the volume of data that was produced and would lead to

significantly higher computational time than using as-captured images.
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2.3 Post-process Inspection

Post-build non-destructive evaluation of flaws (NDE) methods were used to determine the qual-
ity of parts produced. X-Ray computed tomography (CT) and Archimedes density were each used

to determine a different quality aspect of the part.

2.3.1 CT scanning

CT scans were performed on the coupons using a GE phoenix v|tome|x m 300 system. A 300
kV source was used to scan each of the parts. The coupons were packed in a square tube, one

above the other, as shown in Figure[2.4]and the entire tube was scanned all at once. The scans were

performed with a reconstructed voxel resolution of ~ 15 microns per voxel.

Figure 2.4: Cubes mounted in the plastic tube to be CT scanned.
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2.3.2 Archimedes Density

To assess the volume of internal porosity, Archimedes density measurements were performed
on the coupons using a Scientech SA-525D mass balance, as shown in Figure 2.5] This balance
has a resolution of 1 mg with a standard deviation of 0.5 mg. First, a coupon was placed on the
balance, and the dry weight of the coupon was recorded. Next, the coupon was suspended on a wire
holder within a beaker of 99 %, technical-grade isopropyl alcohol (IPA). Once suspended within
the IPA, the part was visually inspected to ensure that no air bubbles formed on the surface of the
coupon. Once the surface was guaranteed to be bubble-free, the weight of the suspended coupon
was recorded. This process was then repeated for each coupon, and each coupon was repeated a

total of three times. The Archimedes density was calculated as

Wa

coupon — MipaTy,  11- 2.1
Pooup Pip Wo—Wipa @1

where peoupon 18 the density of the coupon, p;,, 1s the density of the IPA, W, is the weight of the
coupon in air, and W;p 4 is the weight of the coupon in IPA.

IPA, rather than water, was chosen due to the very high surface roughness of the coupons.
IPA has a much lower surface tension (roughly a third less than water) and is therefore able to
wet the rough surface much more completely than water. The scale was last calibrated in July of
2014, which may induce some errors in the measurements. The scale was zeroed between each

measurement to ensure consistency between measurements.
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Figure 2.5: Archimedes density setup showing the balance, coupon holder, and the beaker of IPA

used.

2.4 Data Analysis

The line-to-continuum ratios around 430 and 520 nm and the plume area measurements were
automatically indexed to the stage position, and the system’s clock during data acquisition. Data

collected during NDE testing were processed to calculate coupon flaw density.

2.4.1 Spectrometer — Line-to-Continuum Ratio

Each spectrometer intensity reading was saved in a CSV file with its corresponding position

and time information. This CSV file was then processed using a custom Matlab script, whose
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block diagram is shown in Appendix [A.1]

A line-to-continuum ratio, described by Nassar et al. [44], about two separate spectral lines
was used in this experiment to describe the excitation of the plume. The two spectral lines used in
this experiment were specifically chosen because they coincided with strong, atomically-excited
Titanium (Ti I) emission lines, as based on data from NIST [48]]. Excited Ti species are expected
within the plasma due to the extremely high melt temperature and the vaporization that is observed
during the build process. In particular, we chose to look at Ti I emission lines at 430 and 520

nm because they had an adjacent spectral region which was free from line emissions, as shown in

Figure[2.6]
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Figure 2.6: Intensity- and wavelength- calibrated spectra with known Ti I emission lines overlaid.

Choosing an adjacent region free from line emissions was required to calculate the continuum
emission during the process. The line-to-continuum ratio was calculated, around a given spectral

line, as follows.
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Figure 2.7: Parameters used in the line-to-continuum ratio method.

MFAN T(Ag 4+ AX) — I(Ag — AN
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Equation [2.2]is used to integrate below curve A, shown in Figure to determine the continuum
emission, I.ontinuum» Within a wavelength window of width 2A\. Within the wavelength window,
2A\, curve A is approximated by a line. The wavelength window is centered around \,, which is
the central wavelength.

The line emission intensity within the wavelength window, 2A ), is calculated by

Ao+AN
I)\o = / I(/\)d/\ - IContinuum ) (23)
0—ANX

which integrates the area between the spectral emissions, /(\), and curve A, as shown in Figure

The line-to-continuum ratio was then calculated as I—“

contznuum

2.4.2 Total Plume Area

Each plume image was saved with its position and time stamp embedded in the name of the
file. These images were then processed using a custom algorithm in an object-oriented Matlab

function, whose block diagram is shown in Appendix [A.2]
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The total plume area was calculated to describe the size of the plasma plume formed above the
laser-material interaction zone during the process. First, a threshold was applied to each grayscale
plume image, converting the grayscale image into a binary image with white pixels being ones
and black pixels being zeros. The threshold here was set manually by varying the global threshold
value until the entire plume was seen distinctly in the resulting binary image. This same threshold
was then used for every plume image processed, thereby ensuring consistency between images.
Next the sum of all pixels within the image was found by summing along each column in the
image matrix. Next, the sum of the light pixels was multiplied by the square of the conversion
factor that was determined in Section [2.2.2] to yield an estimate of the total plume area in square

millimeters.

2.4.3 CT Scan Processing

Each coupon was CT scanned to calculate its flaw density, and to determine the morphology
and location of flaws. In order to compare the position- and time- synchronized data to the post-
build CT scans, each CT dataset was manually rotated and translated to (approximately) register
the CT volume to the same coordinate system used for all sensor data captures. Next, a series
of TIFF image stacks (corresponding to the 15 um voxel size) were created along planes normal
to the build-up direction, i.e. along the z axis, using VGSTUDIO MAX (VOLUME GRAPHICS
CORPORATION).

Next, a custom Matlab script was used to calculate the flaw density of the part. The algorithm
is summarized in a block diagram in Appendix A manual threshold was then applied to each
slice in the image stack to convert the grayscale images into binary images where dense material
had a pixel value of one and flaw/void material had a pixel value of zero. The manual threshold
was chosen to ensure consistency between image slices, and was chosen such that the voids were
distinct from the surrounding dense material. This threshold remained unchanged for every coupon
scanned. Next, a background subtraction (i.e. illumination correction) was applied to all images

to correct for x-ray artifacts. To eliminate complications arising from edge effects, analysis of
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the CT data was limited to the interior of each part, approximately 1.9 mm away from the edges.
Voids with fewer than 4 connected pixels were eliminated from further analysis. The porosity level
within the part (flaw density) is defined as the ratio of void pixels to all pixels within the interior
of the coupon, and corresponds to the volume ratio of flaws to dense material. Here, we explicitly

define average flaw density calculated on a layer by layer basis as

Zn:laye'r’s P,—P

Dfiaw = ”:; Pa (2.4)
ayers

where D 44, 1s the density of flaws within a stack of binary CT images. Each CT image constitutes
a CT-layer, n, with a layer spacing equal to the voxel size. P, is the number of fully-dense pixels
(flattened voxels) within the region of interest(ROI) on an ideal CT-layer and P, provides the total
number of dense (white) pixels within the ROI on layer n. If P, is constant for all layers, as in this
experiment, then the average flaw density is equivalent to the true flaw density of the part. After
processing, the line-to-continuum ratios around 430 and 520 nm and the plume area were compared
against the location of lack-of-fusion flaw and related to flaw density within built components. A
limitation of this alignment method is the variability in deposition thickness at each layer, since
over- or under-building are common occurrences in DED processes. That is, each build layer may
be slightly thicker or thinner than the target layer thickness. Consequently, directly correlating
position synchronized spectra and plume data captured during processing with a measured distance
in the CT image introduces uncertainty along the z axis. Similar issues may also lead to uncertainty
in the x and y locations. Uncertainty in the build-up direction is estimated to be on the order of
the layer thickness (0.254 mm), while uncertainty in the x and y locations are expected to be much

less than the hatch spacing (1 mm).

2.4.4 Graphical User Interface (GUI)

A graphical user interface (GUI) was designed as a tool for the manual analysis and comparison

of each metric directly. The GUI was designed using object-oriented Matlab programming and a



block digram representation of this code is shown in Appendix [A.4]
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The program, as shown in Figure allows a user to scroll through each deposition position

and view each metric and its corresponding raw data at the same time. Using this information, a

user can look for anomalies in the metrics and manually find the corresponding location within the

CT image stack.
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Results presented in Sections[3.1] [3.2] and [3.3| show that plume area and the line-to-continuum
ratios around 430 and 520 nm are: 1) related to isolated, random discontinuities within an other-
wise flaw-free build, 2) indicative of systematic flaws within a build, and 3) consistent with respect
to one another. Here, an isolated, random flaw is defined as a discontinuity that appears in an oth-
erwise dense component. This is in contrast to components containing systematic discontinuities,

such as regular lack-of-fusion flaws resulting from non-ideal processing conditions.

3.1 Isolated Flaws

Plume area and the line-to-continuum ratios around 430 and 520 nm were affected by isolated,
random flaws within an otherwise flaw-free component. To show this, two identically sized regions
of interest (ROIs), one containing an isolated flaw and another without any flaws, were analyzed
within the same component. During analysis, each ROI included at least three build layers, to
account for over- and under-building. Figure presents a representative image slice from each
ROI, where Figure (a) shows a region with an isolated discontinuity, and Figure (b) shows
a fully dense, flaw-free region. Both regions were from the same component (Run 11), and were

thus processed under constant build conditions.
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Figure 3.1: (a) CT slice with a discontinuity in the ROI. (b) CT slice from the flaw-free ROI.

Over the ROI containing an isolated discontinuity, shown in Figure (a) and (b), strong
plume emissions were observed. The plume camera showed a significant increase in plume area
which appears to have detached from the melt pool surface and propagates upwards, opposite to
the beam propagation direction — this phenomenon is similar to that observed in optical discharges
(e.g. laser-sustained plasma) [35]]. Significant Ti I line emissions were also observed. Both line
emissions and plume area fluctuated over this ROI. The largest plume area and most intense line
emissions were estimated to occur in the region directly above the lack-of-fusion flaw that was
observed in the CT scans. The physical relationship between the flaw and the observed plume

fluctuations is not currently well understood, and is the subject of further investigation.
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Figure 3.2: (a) Plume image from the ROI with the discontinuity. (b) Spectral signal from the ROI

with the discontinuity.

Over the flaw-free ROIL, shown in Figure [3.3(a) and [3.3[b), less intense plume emissions were
observed. The plume camera observed a smaller plume that was located directly above the laser-
material interaction zone. Ti I line emissions, that were prevalent in the isolated discontinuity

region (Figure [3.2[b)), are not observed in the flaw-free region (Figure [3.3(b)). Instead, continuum

spectra emissions are observed without obvious indication of line emissions and little fluctuation

in intensity over time.
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Figure 3.3: (a) Plume image from the flaw-free ROI. (b) Spectral signal from the flaw-free ROL.
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3.2 Median Plume Metrics and Total Flaw Density

Plume metrics were also shown to relate to systematic discontinuities throughout a build, such
as those resulting from non-ideal processing conditions. That is, for different runs under the same
laser power but with varying powder flow rate and/or hatch pattern, the line-to-continuum ratios
around 430 nm and 520 nm, and the total plume area increased as the flaw density of the build
increased. As defined in Section [2.4.3] systematic discontinuities were measured using the flaw
density (percentage of dense voxels to total voxels) within the interior of a build. A large flaw
density is attributable to operating with sub-optimal processing parameters. Non-ideal processing
conditions were observed to result in lack-of-fusion flaws, which are accounted for by calculating
the flaw density. Figure [3.4] shows an example of the systematic flaws that occurred while using
sub-optimal processing conditions in Run 008 (300 W, 4 g/min, parallel hatching). For each build,
flaw density was compared to the median of each builds line-to-continuum ratio around 520 and

430 nm, as well as the median plume area.
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Figure 3.4: Systematic flaws found in Run 008 (300 W, 4 g/min, parallel hatching).

Figure 3.5/shows median line-to-continuum ratios and plume area plotted against the flaw den-
sity. It can be observed that, for a given laser power, an increase in the flaw density (caused by

changes to powder flow rate and/or hatch pattern) is accompanied by an increase in each metric.
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Furthermore, it is observed that an increase in laser power systematically shifts the metric values
upward. This suggests that future work may lead toward the ability to predict changes in flaw den-
sity through observation of plume fluctuations caused by unexpected variations to other process

parameters, e.g. an unanticipated reduction in powder flow rate, at a known laser power.
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3.3 Internal Consistency

Both the plume camera and the spectrometer were intended to measure the same phenomena,
i.e. fluctuations in the state of the plume, during the build process. If this is true, then plume area
and the line-to-continuum ratios should be internally consistent, i.e. they should show correlation
to one another. To account for fluctuations in the collection rate of spectral emissions and plume
images caused by lag in the system, spectral data were indexed to plume images by downsampling
emissions spectra data. In cases where multiple spectra were collected during collection of one
plume image, the spectra data were averaged.

Pearson correlation coefficient (r), a standard measure of the linear correlation between two
variables, was calculated for each combination of plume metrics, e.g. (line-to-continuum ratio

around 430 nm (L2C 430 nm) vs (total plume area), and are shown in Table

Table 3.1: Pearson correlation coefficient (r) between each metric pair

Laser Power  Powder Flow Rate r-L2C 430 nm r-L2C 520 nm  r-L2C 430 nm

Run # W) (e/min) Hatch Pattern to to to
total plume area  total plume area  L2C 520 nm
1 300 2 Parallel 0.0572 0.2368 0.3787
5 300 2 Cross 0.0359 0.3441 0.1905
6 300 3 Parallel 0.1914 0.444 0.5141
7 300 3 Cross 0.0799 0.4918 0.1835
8 300 4 Parallel 0.1755 0.5349 0.3721
9 300 4 Cross 0.1092 0.5762 0.2031
12 425 3 Parallel 0.5261 0.5994 0.8832
13 425 3 Cross 0.5545 0.6307 0.8739
20 475 4 Parallel 0.6213 0.6682 0.9275
22 475 4 Cross 0.6361 0.6741 0.938

For low laser power, a lower correlation coefficient was calculated, indicative of a weak linear
correlation. However, with increasing laser power, the correlation coefficient between each pair
of plume metrics increased significantly. Low correlation at low laser powers can be attributed to

the low signal-to-noise ratio (SNR). At low laser powers, plume emissions are much less intense,
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yielding smaller line-to-continuum values and a small plume area. Here we are using measuring
instruments that amplify the captured signal and any electromagnetic measurement noise equally.
Since the sensing set-up remained undisturbed throughout all of the experiments, it can be as-
sumed that the noise within the system should remain the same. Assuming the noise in the system
is similar for all laser powers, builds with lower signal intensities will have a much smaller SNR.
Nevertheless, even at low laser powers, there still exists some correlation between the plume met-
rics. For a higher laser power, a higher SNR resulted in higher correlation coefficients. At 475 W,
a high linear correlation coefficient was observed between each pair of plume metrics i.e. the total

plume area and L2C 430 as shown in Figure[3.6
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Figure 3.6: Linear relationship shown between two different metrics with a laser power of 475 W.

These results show that each sensor was indeed measuring the same phenomena—the plume—

and that alternative sensor modalities which query the same phenomena may be realizable.

3.4 Issues Encountered

During data analysis, a few different issues were encountered that rendered some of the data
collected to be unusable. While not a significant impedance to the overall effort, these issues

provided useful information about problems with the methods considered.
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3.4.1 Inconsistencies in Archimedes Density

An Archimedes density measurement was explored to quickly and inexpensively assess the
flaw density of each coupon. Isopropyl alcohol was chosen to ensure proper wetting of the surface,
and established procedures for the density measurement were followed, but measurement incon-
sistencies were found. First, the densities calculated using Archimedes method did not follow the
same trend as those calculated using the CT method described in Section [2.4.3] Additionally, one
outlier had a significantly higher density than all of the other parts. This outlier had a density
significantly larger (~ 18%) than any published density value of Ti-6 Al-4V. Finally, all of the
Archimedes densities that were calculated were very similar to each other. This leads to a debate
on whether the results are actually statistically significant. The inconsistencies found can possibly
be attributed to a few different sources. First, the balance used was last calibrated in 2014, and may
have acquired some inaccuracies due to the long time period in between calibrations. Secondly, the
test coupons had extremely rough surfaces. The surface roughness may contribute to the error by
forming very small gas bubbles on the surface. These small gas bubbles can result in a lower than
anticipated density. In addition, the laboratory in which the experiment was conducted was under
construction when the data were collected. This caused large drafts to be present within the room,
allowing large temperature and humidity fluctuations to occur. Considering all of these influences,
the use of the Archimedes method was discontinued, and all analysis relied on the more expensive,

and time consuming CT technique.
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4.1 Conclusions

This work demonstrates that plume emissions are useful to assess build quality during DED
AM operations. In particular, both isolated lack-of-fusion flaws in otherwise fully dense builds as
well as builds with systematic discontinuities can be identified using the line-to-continuum ratio
technique or the plume-imaging technique. Both measurement techniques are shown to interrogate
the state of the plume. At this time, the specific physical phenomena which result in plume fluctu-
ations are not well understood, and thus represent an important topic for additional investigation.

A limitation of the developed techniques is that low signal levels at low laser powers that yield
low signal-to-noise ratio (SNR). With increasing laser power, plume emissions may be expected
to rapidly increase before leveling off somewhat [35) 41, 45, 49]. Within the power ranges tested
(300-475 W), this expectation was confirmed. The greatest utility of the developed technique is
likely to be realized when processing at moderate to high laser powers (several hundred watts —
kilowatts), depending on the materials interacting in the laser-processing zone.

The low data-acquisition rate used for this work is another limitation; it results in a limited
temporal (and thus spatial) resolution for detection of anomalies. Both the spectrometer and plume
camera operated with a capture rate of 50 Hz, 1.e. data acquisition occur every 20 ms. During each
captured period, the spectrometer integrated emissions for 20 ms and transmission of data did not
impact the acquisition rate. However, the plume camera required 10 ms for data transmission, so
exposure time was limited to 10 ms. In the experiments, the processing speed was 10.6 mm/s; so,
the deposition proceeds 0.106 mm during the time it takes for a plume image to be returned. The
consequence of this is that the plume camera may miss anomalies occurring over a length-scale
smaller than 0.106 mm. Discontinuities occurring over a length-scale much smaller than 0.212
mm may also have a low SNR.

Through this work, significant progress toward the in-situ monitoring of flaws during additive
manufacturing has been made. Large isolated discontinuities have been successfully correlated to

shifts in plume metric values, a relationship between total coupon flaw density and median plume
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metric has been discovered, and the internal consistency of data produced from multiple sensors

has been verified.

4.2 Future Work and Broader Impact

The results presented here offer many opportunities for future work in AM sensing. First,
improved light-collection methods and alternative hardware systems — i.e. high-speed photodi-
odes, refined focusing optic set-ups, etc. — can be used to improve temporal/spatial resolution
while maintaining high SNR. This improvement will allow for the detection of smaller flaws that
could not be detected with the current setup. Toward this goal, the photodiode optics have been
redesigned in order to prevent fiber damage, while still capturing spectral emissions at a high rate.

The techniques described here show promise for in-situ monitoring of flaws. Future work in-
cludes application of the plume size and line-to-continuum technique to other material systems
that are commonly used in AM. In addition, the use of multiple sensing modalities affected by
plume emissions, such as acoustic emissions and visible light, will help to make in-situ flaw de-
tection a reality. Furthermore, the establishment of signal-processing strategies to enable robust
flaw detection will enable the development of feedback-based control systems, thus moving the
technology beyond simply monitoring the process to actively monitoring deposition quality. These
techniques can determine if a build must either be stopped and scrapped to curtail losses, or must
be re-processed to fix the flaw before processing continues. The successful implementation of in-
situ flaw sensing and correction will likely lead to the proliferation of AM techniques in industries
where a low quantity of flaws is required such as the aerospace and medical industries. In addition,
the ability to fix the parts before subsequent layers are deposited, or interrupt the manufacturing
process before additional value-adding steps are performed, can lead to lower part prices, and
ecological benefits by reducing the amount of materials consumed and scrap produced. Finally,
application of these techniques to other AM processes, such as powder-bed fusion, is a natural

extension of this work and is currently being investigated.
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Appendix A

Block Diagrams for Matlab Codes

This appendix presents, in lieu of providing the actual code, block diagrams of each Matlab

function that was written .
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A.1 Spectrometer Block Diagram

The following block diagram provides a high-level summary of the Matlab function that was
written to process the spectrometer data that was collected. The main purpose of this function is to
input the data, calculate the line-to-continuum ratio, and save the processed data as an object to be

used in the data analysis step.



41

Loop until
all csv
files have
been
processed
for that
run

Spectra data
and run name

v

Check for errors in the file
name

L ]

Open a .csv file for the
particular run

v

Read in the XY, Z stage
position, clock, and

intensity
Assign to
,| properties of Spectra
the spectra input
object function

v

Loop until
the Line-to-
continuum
ratio has
been
calculated
ateach
timestep

Spectra object, 2 line wavelengths, 2

wavelength windows

v

L

Check for errors input
errors

Use trapezoidal integration
to determine the intensity
of the line emissions for a
timestep

L]

Use trapezoidal integration
to determine the intensity
of the background
emissions for a timestep

L]

Calculate the line to
continuum Ratio (line
intensity - background
intensity / background
intensity) for a timestep

L]

Assign the line-to-
continuum ratio to the
object property

Line-to-
Continuum
function

Spectra object

4

Find the indices of spectra
that are within the set x-
range and assighthemtoa

temporary variable

Y

Find the indices of spectra

from the temporary

variable that are within the

y range
v
>m.mmm3 to Spectra
Trimmed trim

Spectra object

function




42

A.2 Total Plume Area Block Diagram

The following block diagram provides a high-level summary of the Matlab function that was
written to find the total plume area from each plume image. The main purpose of this function is
to input each image, extract the position and time information, and calculate the total plume area,

saving all data in an object to be used in the data analysis step.
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A.3 CT Image Processing Block Diagram

The following block diagram provides a high-level summary of the Matlab function that was
written to find the flaw density from each CT scan. The main purpose of this function is to input
each tiff stack, calculate the number of void pixels on a layer, and calculate the total coupon flaw

density, saving all data in a variable to be used in the data analysis step.
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A.4 GUI Block Diagram

The following block diagram provides a high-level summary of the Matlab function that was
written to analyze all of the data collected. The main purpose of this function is to take all of the
data streams (line-to-continuum ratio, spectrometer capture, plume image, and total plume area)
and plot them together for a specified time stamp. This function was designed such that a user can
scroll through the time steps and compare each sensor and calculated metric to determine if any

fluctuations occur.
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