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ABSTRACT

Laser-powder bed fusion (L-[hyphen]PBF) additive manufacturing (AM)
continues to be a promising tool for fabricating complex geometries. However, both in-
situ monitoring and ex-situ evaluation techniques cannot yet fully certify and qualify
components due in part to the complex nature of melting dynamics at the build plane and
laser interaction zone. This study began using a reflection configuration Flash
Thermography (FT) to investigate the viability of detecting subsurface porosity ex-situ.
From the FT results, active thermography was utilized to observe changes in thermal
signatures on 316SS parts printed by L-PBF AM. By performing a low-power laser scan
as a post-melt heat source, the surfaces of printed parts were thermally probed without
remelting. A design of experiments (DOE) was performed to investigate parameters for
the thermal probe scan (TPS). Imaging the TPS with a low frame rate near-infrared
camera and an on-axis photodiode was found to identify near-surface pores in-situ. A
dynamic multiscale convolutional neural network (DMSCNN) was trained to classify 2-
dimensional (2D) visible-light, near-infrared, and photodiode images. A regression
model was fit to predict percent porosity using anomaly class predictions from the
DMSCNN as inputs. Data were segmented into Imm x 1mm x 0.1mm zones. Parts
printed with engineered pores had a regression correlation coefficient, R2[squared], value
of 0.795. While the regression model did not accurately predict percent porosity for
control parts using anomaly class predictions. However, the TPS does show viability to

detect large scale lack-of-fusion porosity in L-PBF in-situ process monitoring.
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CHAPTER ONE
INTRODUCTION AND GENERAL INFORMATION

Additive Manufacturing Introduction

Additive manufacturing (AM), colloquially called 3D printing, is a tried-and-true
technology that offers design freedom that traditional manufacturing techniques, such as
casting and forging, lack [1]. AM offers the ability to produce plastics, ceramics, and
metals in a variety of technologies [2]. Each technology, such as photopolymerization of
monomers to polymers, extrusion free forming of ceramics, or binder jetting of fine metal
powder particles, is suited for a given material system [3]. One technology of particular
interest to aerospace, medical, and energy applications is powder bed fusion (PBF). PBF
uses a metal powder feedstock spread onto a flat bed, which is selectively melted, or
fused, layer-by-layer based on a Computer Aided Design (CAD) or Stereolithography
(STL) model [4]. These designed CAD or STL models can be complex, metal shapes
such as lattices and heat exchangers. Each layer in a PBF print may be thought of as a
“slice” of the desired part of a certain thickness, typically on the order of 50um. Asa
result of chosen layer thicknesses, powder spreading technigue, and fundamental
technology, a subset of powder size distributions (PSD) in the range of 10um - 150pm
and machine build volumes ranging from a 3-inch cube to a 2-foot cube exist for a
component designed for PBF AM.

One type of PBF, called Laser-PBF (L-PBF), uses a pulsed or continuous wave
laser as a heat source to fuse a layer of spread powder particles within each slice.

Because L-PBF operates using light quanta, or photons, to melt powder particles, there is



no charge build up on powder surfaces like that in electron-beam PBF (EB-PBF) [5].
Therefore, a finer PSD may be chosen to offer the advantage of printing small features.
At its heart, L-PBF is a welding process. As such, this process takes place under an inert
or near inert atmosphere. Typically using argon or nitrogen, this inert atmosphere
prevents oxidation of printed parts at high temperatures. Furthermore, welding
byproducts such as coarse spatter particles and fine condensate are generated during
fusion which may affect the quality of printed material. Thus, ideally, a laminar flow of
an inert gas is provided across the surface of the build plane to carry away particle ejecta
from the weld.

During an L-PBF print, several factors contribute to the outcome of the part. On
each layer, powder is spread across the previously melted layer, the laser selectively
melts the slice in a scan strategy as determined by the operator, build pistons are moved
down a distance equal to the layer thickness, all while laminar flow of inert gas cycles
across the powder bed. During any layer, system anomalies may occur such as
incomplete spreading of powder across the build surface, sudden blips in gas flow, and
machine pistons jamming or moving an incorrect distance. In addition to system
anomalies, print anomalies from laser welding may occur such as swelling of the print
surface, delamination resulting from under-melting, and spatter ejecta from the meltpool
landing on the powder and print surface. Both system and print anomalies occur during
every L-PBF AM print, and prints may take thousands of layers and weeks of continuous
printing. Which and what amount of system and print anomalies are acceptable is a

question that spawned a branch of research termed in-situ process monitoring.



In-situ process monitoring mounts sensors onto an L-PBF machine to track
progress, health, and build status throughout the printing process. Common sensors for
L-PBF machines include visible-light cameras, thermal cameras in the near-infrared (IR)
up to long-wave IR, on-axis and off-axis photodiodes, gas flow sensors, and acoustic
sensors to alert the operator of both system and process anomalies. For a given process
or system anomaly the operator may be able to take action to mitigate the error and
resume printing as normal. For example, if incomplete powder spreading occurred on
one layer, the operator may increase the powder dosing supply for future layers to
prevent recurrence. In other cases, such as spatter ejecta landing on the powder bed and
printed material, no amount of process design can account for inherent byproducts of
laser welding and remove spatter from the print surface 100% of the time. Thisis a
known phenomenon which is accepted as unavoidable. Thus, processing parameters are
often chosen to reduce the likelihood of spatter particles causing as-printed flaws such as
lack-of-fusion porosity. In-situ process monitoring can point operators to regions of
interest which contain system and process anomalies which may result in flaws in the
final part [6]. However, no matter the effectiveness of the in-situ process monitoring
sensor package chosen for an L-PBF machine, other analyses are performed on parts ex-
situ to determine the size, type, distribution, and location of flaws within as-printed parts.
Characterization Introduction

Ex-situ means of determining whether in-situ anomalies resulted in as-printed
flaws may be categorized as a subset of non-destructive evaluation (NDE) and destructive

evaluation (DE) techniques. NDE techniques useful to AM L-PBF parts include dye



penetrant, Eddy Current inspection, X-Ray Computed Tomography (XCT), and
Thermography. NDE techniques useful to L-PBF AM parts include standard
metallography, hardness testing, optical microscopy (OM), scanning electron microscopy
(SEM), and transmission electron microscopy (TEM). Ex-situ techniques, broadly
termed characterization, are generally considered ground truth as compared to in-situ
process monitoring since both system and process effects take place for multiple layers
influencing previously fused layers. What may have been a process anomaly on one
layer may be healed on subsequent layers [7]. Furthermore, what may have been a
process anomaly on one layer may indeed result in a flaw or even defect. To make the
determination of which process anomalies constitute flaws or defects, further information
must be garnered through ex-situ characterization.

An interesting branch of ex-situ characterization is thermography. Thermography
is a technique used to track thermal energy emitted as radiative heat transfer using some
imaging system. One such type of thermography called Flash Thermography (FT) which
utilizes a near instantaneous, or Dirac pulse, pulse of energy. This pulse is typically in
the form of broadband light, to thermally excite a surface and observe its temperature
decay with time. This is performed using a camera which is sensitive to wavelengths in
the 0.1 — 100 um range, termed thermal radiation, caused by a thermal excitation [8].
Plotting temperature, or a proxy such as intensity, against time may reveal thermal build
up which can be a result of factors ranging from surface effects to differences in thermal

conductivity within composite materials.



In the case of carbon fiber reinforced polymers (CFRP) FT shows porosity,
inclusions, and fiber damage due to differences in inherent thermal diffusivities of carbon
and a surrounding polymer matrix [9]. In another example from Nagpure et. al, FT was
used to show millimeter length scale defects within aged batteries by measuring
differences in thermal diffusivity revealing cathode degradation with time and use [10].
Additionally, FT has been applied to metal powder bed surfaces for measuring weight-
based densities down to 8% error [11].

In the case of metals, heat from FT is conducted away faster than composites such
that typical camera sensors cannot capture sufficient frame rates to detect rapid changes
in thermal emissions. FT data capture yields an exponential decaying curve of radiated
photons, or intensity, plotted as a function of time in the milliseconds range. A local
increase in thermal emissions often indicate the presence of a flaw, such as a pore, crack,
or surface asperity all of which can have higher thermal emissions with time.

One intuitive difference from a process flaw as compared to nominal material is
in total thermal emissions with time as illustrated in Figure 1.1. Although area under the
curve may present differences compared to nominal material, relatively higher
Volumetric Energy Density (VED) processing parameters also emit more heat with time.
This can incorrectly present areas printed with relatively higher VED as process flaws.
Raplee et. al showed that thermal decay rates may be a better predictor of process flaws
that cause changes in thermal conditions locally [12]. However, perceived differences in
thermally emissive data from metals may or may not be true indications of property

differences due to emissivity. Emissivity is defined as the ratio of the radiation emitted
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Figure 1.1. Intensity vs time decay plots of nominal material (left), a process flaw (middle), where the area

under the curve is greater than that of nominally dense material (right).

by a material at a given temperature and wavelength to the radiation emitted by a
blackbody at the same temperature for the same wavelength [8]. In short, emissivity is
emitting efficiency. Emissivity is highly dependent on the surface qualities of the object
being observed [13]. Surface effects from local changes in surface roughness and
reflectivity may independently or codependently affect a material surface’s emissivity.
Hence emissivity is a complicating factor in any IR-camera setup, and its potential effects
must be weighed prior to IR data analysis. Emissivity effects will be further discussed in
Chapter Two: Literature Review and Chapter Four: Ex-situ Results section.

A process flaw may be defined in different ways but is here defined as an internal
hole or a near-surface pore. When these process flaws are observed, the mechanism
behind why it can be detected is a difference in thermal diffusivity. Due to a difference
in thermal diffusivities of fully dense material vs porous material, the amount of radiation

increases near the surface because of local heat build-up shown in Figure 1.2. An
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Figure 1.2. Surfaces positioned above pores will have relatively higher emissive powers than that of fully

dense material due to a change in local heat transfer conditions.

internal pore acts as an insulating body through which heat cannot conduct. As a result,
heat accumulates at a pore. That is, heat must propagate through a medium with a lower
thermal diffusivity, or directionally “around” a pore. Using a thermal sensor, changes in
thermal emissions may be observed. Radiation in the range of 0.1 pm — 100 pm are
attributed to thermal effects shown in Figure 1.3. In an ideal setup, changes in
temperature are governed by a one-dimensional heat transfer model derived by Maldague

as:

d2

7(0,0)= e i (1

mpckt
where T is temperature in Kelvin, t is time in seconds, Q is energy flux in J/Jm2, d is depth
of an open face to the incident surface in meters, p is the material density in kg/m3, c is its
specific heat capacity in J/(kg K), k is its thermal conductivity in W/(m K), and « is its
thermal diffusivity in m#/s [14], [15]. While many of the material properties in Equation

1 change as a function of temperature, it is assumed herein that all properties are
7
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Figure 1.3. The light wavelength spectrum within which the 0.1 um - 100 um range are considered thermal
radiation [8].

constant. Deviations from ideal setups and a 1D heat transfer model may be a result of
many factors which will be discussed in Chapter Two: Literature Review and Chapter
Four: Ex-situ Results sections.

A near-instantaneous pulse of energy is irradiated to the face of a sample and its
ideal normalized decay curve for the heated mild steel sample can be observed in Figure
1.4. Heat transfers through the thickness of the sample and the opposite side heats up
according to Equation 1. Thermal emissions on the back face are radiated and can be
measured across the ultraviolet, visible, and IR spectrums shown in Figure 1.3. Metals
dissipate heat relatively faster than materials such as ceramics and polymers. A decay
curve comparing materials is shown in Figure 1.5, normalized by the highest temperature
achieved for a constant energy input. In this case, it is normalized by the temperature
achieved by polylactic acid (PLA). It is noted that because of the relative time that heat
transfers through metal compared to other materials illustrated in Figure 1.5, challenges

exist with capturing sufficiently high frames in FT for metals to observe differences in
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thermal transients during initial temperature decay. This is, in part, the reason there is
less literature on FT applied to metals.

Regardless of setups with materials, assumptions must be made when performing
analysis of FT data. First, we must assume that all heat is delivered instantaneously,
called a Dirac pulse, at the start of the measurement. Thus, no heat is delivered through
the decay time described by Equation 1. Second, heat is uniformly distributed across the
part surface of interest. Third, we only observe heat transferred through the 1D part.
Last, heat is only absorbed within an infinitesimally thin layer from a point heat source so
that bulk heating does not occur into the part, allowing 2D heat transfer to be neglected.

Carslaw and Jaeger published the change in temperature for the reflection

configuration which is listed here:

-n?m?kt

T(t)=%(1+2 Ze cpd® ) )
n=1

where all variables are the same from Equation 1 [16], [17]. Despite differences in
configuration for measuring thermal response, the same trends shown in Figure 1.5 hold
across different materials for one-dimensional heat transfer.

Given this introduction, the author proposed methods related to FT which could
be applied inside an L-PBF printer. The committee recommended beginning with
understanding what methods are applied ex-situ and to build off well-controlled and
understood experiments before pursuing more complex in-situ process monitoring
techniques. The following Literature Review took place to increase the author’s

knowledge and inform design for in-situ experiments.
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CHAPTER TWO
LITERATURE REVIEW

All matter is continuously emitting electromagnetic radiation and absorbing
electromagnetic irradiation [18]. Radiation emitted in the 0.1 — 100 um range of the light
spectrum shown in Figure 1.3 are of particular interest to thermographic techniques as
this range of light is emitted as a result of thermal radiation. Observing thermal
emissions from a surface is the heart of thermography. The particular branch of interest
here, infrared thermography (IR-T), focuses on the IR band and excludes the ultraviolet
and visible portions of the light spectrum. Here, any light incident upon a surface is
considered irradiation whilst any light emitted is considered radiation.

IR-T is a tool used in myriad industries. Decades ago, IR-T was shown to reveal
information about the internal structure of materials from variations in transient thermal
surface emissions alone [19], [20], [21], [22]. There are diverse options for
thermography which vary irradiation delivery, configuration modality, sensor type, and
data analysis. Such examples include passive thermography (PT), active thermography
(AT), and lock-in thermography (LI-T) [23], [24], [25], [26]. The method of interest in
this study is to thermally excite materials and then to observe differences in resulting
surface radiation, known as Flash Thermography (FT).

The crux of why IR-T NDE can reveal subsurface information about materials is
because of differences in measured intensities during transient thermal events. When
assumptions are made about constant thermal properties as a function of temperature,

Equation 1 shows that temperature decay rates can only change if either the irradiative
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heat, Q, or the thickness of a sample, d, changes. Thus, a material with a subsurface hole
will respond differently to 1D heat transfer due to changes in d as compared to nominally
dense material. However, if this hole is closed within a matrix, called a pore, we are
introducing a new medium for heat transfer which must change thermal conductivity,
density, and specific heat. Resultingly, surfaces above pores will cool more slowly and
radiate more heat through time than nominally dense material as shown in Figure 1.2.
Tracking heat radiated locally from the surfaces of materials is the focus of IR-T in this
study and an attempt to learn information about internal structures of a material.

FT is based on the Parker Method for determining a material’s thermal diffusivity
[27]. Beginning with a flat disc of known thickness, heat is input instantaneously, and
the maximum temperature is recorded. Parker et. al solved that the time required for the
opposite side to reach half of the maximum temperature achieved on the irradiated side
will measure thermal diffusivity «, measured in meters?/second. Thermal diffusivity is

determined according to Equation 2:

1.381°
a =

2)

m’tos

where L is the sample thickness measured in meters, and t, 5 is the time for the radiating
side of the disc to achieve half the maximum temperature of the irradiated side of the disc
measured in seconds. Note that t, s is not the square root of time, t. The elegance of the
Parker Method is that no a priori knowledge of the material’s thermal conductivity,
density, specific heat, or even heat absorbed from the experiment is required to determine
a material’s thermal diffusivity. To this day, the Parker Method remains the ASTM

standard for determining a material’s thermal diffusivity [28].
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The difference between the Parker Method and the FT setup used for this research
is the configuration. The Parker Method utilizes a transmission mode in which the
temperature of the opposite side of the disc is measured to obtain a bulk thermal
diffusivity measurement. Here, a reflection mode is utilized such that the irradiated side
is the same as the radiating side of the sample of interest [29]. It is noted that the term
“reflection mode” is a naming convention used to describe the configuration and does not
fully represent the physical mechanism of heat transfer at play. One advantage of the
reflection configuration is that an arbitrarily thick sample can be used, and the
transmission configuration also requires the ability to view both sides of a sample. Much
research in the IR-T NDE community has originated from the Parker Method.

Shepard et. al showed that there are quantized limits to what can be observed
from a thermographic signal due to camera sensor restraints [30]. Such limitations
include frame rate and noise-equivalent temperature difference (NETD). NETD is how
sensitive a camera is to changes in surface emissions with a change in temperature.
When utilizing FT NDE with metals, these two parameters are of utmost importance for
detecting subsurface pores since metals have a higher thermal conductivity and faster
thermal decay time compared to ceramics and plastics, Figure 1.5.

There are many ways to analyze thermographic intensity signals with time.
Simple methods include calculating the maximum temperature achieved, the area under
the intensity curve, or the exponential thermal decay rate [12]. More exhaustive
calculations include an averaging thermal decay rates in pulsed techniques, first- and

second time-derivatives of intensity plots, or a time-over-threshold (TOT) which is the
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time a pixel existed above a threshold temperature or intensity [12], [31], [32]. Further
advanced techniques also exist such as dynamic thermal tomography and pulse phase
thermography [33].

Regardless of the methods used to analyze data, it is necessary to distinguish
background emissions from local intensities which may be indicative of subsurface pores.
Thus, it is important to maximize signal-to-noise ratio (SNR). SNR is often used as a
metric for a technique’s efficacy. Heifetz et. al showed that increasing signal-to-noise
ratios remains a barrier to detecting subsurface flaws in AM metals [34]. Their study
suggested that ways to increase SNR in FT for metals include increasing the irradiation
energy, selecting alloys with relatively lower thermal diffusivities, maximizing frame
rates, performing denoising algorithms, or improving hardware limitations such as
reducing NETD.

One obvious way to increase SNR in IR-T is to increase the size of the subsurface
pore. Irrespective of material and IR-T technique, detectability of subsurface pores is
directly related to their size and depth to surface [30], [32], [34], [35], [36], [37], [38]. A
normalized predictor of flaw sizes is aspect ratio, or the ratio of the pore diameter to its
distance from the surface. Aspect ratio is frequently explored as a metric for detectability
in NDE using 1D heat transfer. There is consensus in literature that aspect ratios of
greater than 9 in metals can be detected using ex-situ techniques [35]. Using modeling,
Wallace et. al showed this can be pushed down to 6 [39]. Even lower aspect ratios have

been reported using in-situ techniques [40].
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One type of sample to explore varying aspect ratios is called a Flat-Bottomed
Hole (FBH). FBH specimens are widely used in the NDE community for evaluating
what aspect ratio of defects may be detected [41]. A FBH specimen is manufactured with
known pores of varying aspect ratios and is particularly useful for calibrating FT setups
to understand equipment and materials’ limitations.

When observing a FBH specimen using FT, there is a critical assumption made
about its flatness [27]. If the surfaces are not flat to a required tolerance, effects from
emissivity can complicate any thermographic measurement data. Another issue affecting
emissivity is the ratio of surface roughness to radiation wavelength. If the ratio of root-
mean-square surface roughness, R, to observed radiation wavelengths is less than 0.2,
then surface roughness does not influence surface emissivity [13]. However, surfaces
with values for this ratio above 1 directly impact emissivity values from captured IR-T
data and result in measured temperatures that exceed the absolute temperature. The
simplest way to avoid ex-situ emissivity effects from surface roughness and finish is to
machine a surface flat and treat the surface with an optically black coating such as spray
paint.

In attempts to account for emissivity in IR-T data related to L-PBF AM, studies
have worked to measure absolute temperature in-situ accounting for differences between
a powder bed and a melted surface [42], [43], [44]. Emissivity values have been
measured for L-PBF materials in the range of 0.2 — 0.4 depending on material and
temperature [45]. Kayacan et. al measured instantaneous temperatures within L-PBF

systems [46] and noted that a confluence of complications arise when trying to calculate
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absolute temperature values within an L-PBF system. That is, thermography depends on
parameters which are not constant spatially or temporally. Factors such as surface
roughness, texture, surface reflections, and view factor make a perceived surface
temperature deviate from its true value. Nonetheless, representing thermal data is a
worthwhile effort to correlate local differences in observed incoming photons as possible
indications of differences in material properties. Thus, while it is extremely challenging
to measure the absolute temperature, it is fortunately not necessary for the purpose of
observing local variations in thermal diffusivity. Emissivity effects resulting specifically
from surface roughness simply cannot be accounted for in a dynamic environment such
as an L-PBF. Hence, in-situ analyses of IR-T, specifically Active Thermography (AT) in
this thesis, will be presented without accounting for changes in emissivity.

AT is a type of IR-T which thermally and non-destructively excites a material
surface whilst measuring its temporal response. AT and numerical models to predict
porosity sizes and depths have been applied to plastics [47]. AT has been applied to L-
PBF in-situ process monitoring. Typically, the laser itself is used as the excitation
mechanism although this is not always the case. For example, Quercio et al. used
Helmholtz coils to characterize iron losses of as-printed ferromagnetic steels as a function
of build direction [48]. IR-T has also been applied in-situ using a coaxial thermal camera
synchronized path infrared thermography (SPIT) to the laser to observe thermal radiation
during melting [49]. The setup was useful for probing near the build plane a short time

after melting. What is difficult in the case of the SPIT setup is spatter, soot, and other
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meltpool ejecta obstructing the line of sight of the IR sensor which further complicates
the accuracy of measurements.

The focus of the in-situ work in this study is most akin to work performed by
Hofflin et. al, Breese et al, and Herzer et. al in which a secondary low-energy laser pass
scans the surface of an L-PBF layer to induce local heating and observe variations in
thermal signatures [50], [51], [52]. Because the detected intensities of both coaxial and
off-axis sensors vary drastically due to dynamics within the plasma plume just above the
build plane and molten meltpool, a special approach is required to see what is occurring
at the build plane. The technique uses a low power laser pass to thermally excite the
material surface without remelting. The key lies in avoiding remelting metal, which
would generate further interactions that prohibit accurately measuring thermal decay of
the solid surface. Notable distinctions from work by Hofflin, Breese, and Herzer in this
thesis is to advance AT in-situ process monitoring by using specific sensors thermal
emissions, the size and morphology of surrogate pores, the laser scan strategy, and the
laser spot size. Specifics regarding these distinctions are covered in Chapter Three: In-
situ Methods section.

Although AT may be a useful technique for in-situ NDE, it is important to
acknowledge the state-of-the-art capabilities to target what can be sensed with different
IR-T techniques. In the case of AT, regression models supported by machine learning
(ML) can be used to predict porosity from thermal infrared image sequences [53].

The smallest reported feature detected in literature using thermography techniques on

stainless steel components is 101 um outer diameter at a depth of 127 um using
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unsupervised learning [54]. Given that typical laser cut powders range from 15 — 45 um
and common layer thicknesses are on the order of 50 um, achieving resolutions and
resolving powers down to this level will be a challenging task. Nevertheless, all in-situ
process monitoring is a no-go test but not necessarily a go test. If a printed part cannot
pass lower resolution inspection using in-situ process monitoring inspection, then it does
not need to be inspected using ex-situ tools.

To summarize, the author hypothesizes that in-situ thermography data captured in
an L-PBF AM printer using a low power laser pass after each layer has completed
melting will create thermal signatures which can be uniquely observed by both on- and
off-axis sensors. These sensors and their resulting image data will provide signatures that
can be correlated to material properties that can be measured with ex-situ means. In our
case, material density and how much porosity exists within printed L-PBF AM material is
paramount. Although cited papers tend to use high frame rate IR cameras, this study

utilizes a low frame rate near-IR (NIR) sensor and an on-axis photodiode.
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CHAPTER THREE
MATERIALS AND METHODS

The remainder of this thesis will specify ex-situ or in-situ sections.
Ex-situ Materials

For the ex-situ experimental setup, flash thermography (FT) was initially
conducted on multiple stainless steel (SS) samples, shown in Figure 3.1. The first idea
was to make the sample as thin as possible for FT to minimize the amount of heat
conduction through the sample and, as such, maximize the amount of time to detect
residual heat. A 50 um SS feeler gauge was laser drilled with different pulses to vary
depth of holes, seven became thru-holes as shown in subfigure (a). Subfigure (b) shows a
316 SS coupon printed by L-PBF AM with thick and thin regions mounted in Bakelite
using grinding metallography to achieve a flat face. This sample allowed the testing of
what feature sizes can be detected. Subfigure (c) shows a 316 SS wavy thin wall support
structure that was removed from an L-PBF print and tested to observe the influence of
local surface roughness. Subfigure (d) shows a different 316 SS thin wall support
structure from an L-PBF print mounted, ground, and polished using standard
metallography and sand blasted to achieve a matte finish. This sample was chosen and
prepared in this way to fix a flat and matte face for a thin metal sample after lessons
learned from challenges encountered from other FT tests.

A FLIR mid-wave infrared (MWIR) 8501SC camera was fitted with a 50-mm
lens and a 0.5 extender ring to improve resolution was used for FT. The camera was

used in conjunction with a Hensel flash lamp and a Hensel Performing Light TRIA
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Figure 3.1. Stainless steel samples originally tested for FT including a 50 um feeler gauge with laser-
drilled thru holes (a), a mounted bulk and thin-walled sample (b), a thin wall support (c), and a mounted

thin wall support (d).

6000S power source. The Hensel flash lamp had a Hensel EH Pro 6000 flash tube. The
MWIR camera and flash lamp were placed side by side for reflection configuration FT.
Two flat bottom hole specimens were fabricated for this experiment, shown in
Figure 3.2. An as-printed L-PBF 316 stainless steel (SS) FBH specimen is termed FBH1,
and the machined A36 steel FBH specimen is termed FBH2. Base dimensions of each
FBH specimen are 50.8 mm x 50.8 mm x 6.35 mm as shown in Figure 3.3. An array of
20 holes was printed into the FBH1 specimen with varying diameter and bottom wall
thickness, defined as the distance from the hole bottom to the back surface. FBH1
contains five columns with diameters of 0.5, 1.0, 3.0, 5.0 and 10 mm. The four rows use

varying bottom wall thickness of 0.75, 1.0, 3.0 and 5.0 mm.
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Figure 3.2. A top-down view of the FBH1 specimen outlining varying ODs and depths to surface.

Figure 3.3. A transparent view of the FBH1 specimen as designed for printing with holes facing up.
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FBH1 was printed with 3 mm of base stock for electrical discharge machining (EDM) to
the desired thickness. FBH1 was printed from a SS 316 powder feedstock from Praxair
with a chemical certification shown in Table 3.1 The PSD was 15 — 45 um.

A Colibrium Concept Laser M2 Cusing with a 400W continuous wave fiber laser
used to print the FBH1 specimen was used to print the in-situ samples. The FBH2
specimen was machined with a Haas TM-1 using a flat endmill. The 1 mm and 0.5 mm
OD holes were easily able to be printed given the print orientation and resolution of the
laser printer, but a machined A36 steel specimen did not have the same size holes
machined due to system dynamics challenges associated with milling high aspect ratio
holes without puncturing through the opposite side of the sample.

FBH2 was machined with the same rows of hole depths, but only the 3, 5, and
10mm hole diameters. Since machining high aspect ratio holes is difficult, the columns
of 0.5 and 1.0mm diameter holes were omitted in the sample. FBH2 was machined from
0.25” thick A36 steel stock. The as-printed and as-machined FBH samples are shown in
Figure 3.4Error! Reference source not found.. To reduce emissivity effects on the
surface, each sample was painted with KRYLON flat black spray paint, Figure 3.5.

A flash box was initially created using a cardboard box lined with black neoprene
acting as an IR flock, Figure 3.6 An improved version of the flash box was constructed
using aluminum and balsa wood lined with black neoprene, Figure 3.7. The improved FT
design made for more repeatable setups, further reduced ambient light, and was made
larger for the flash lamp and MWIR camera to be placed at the opening without

obstructing the camera’s view.
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Table 3.1. Manufacturer’s chemical certification of AM powder feedstock for FBHI.

Element Weight %

C < 0.005
Co 0.08
Cr 17.01
Cu 0.00
Fe Bal
Mn 1.29
Mo 2.48
N 0.01
Ni 12.67
o] 0.03

P < 0.005
S 0.005
Si 0.59

Total other <0.1

Figure 3.4. As-printed FBH1 sample (left) and as-machined FBH2 sample (right).
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Figure 3.6. Initial flash box setup to image a sample using the flashlamp and MWIR camera.
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Figure 3.7. Improved flash box setup to image a sample using the flashlamp and MWIR camera (left) and

the inside of the box with test samples during a flash pulse (right).

Ex-situ Methods

For the ex-situ experiment, a FLIR mid-wave infrared (MWIR) 8501SC high-
frame rate camera capable of up to 2 kHz frame rate was selected. The high speed
MWIR camera was selected both for its high frame rate to capture rapid heat dissipation
from testing metal samples and for its configurability during test setups with different
lenses and extender ring hardware. The camera was fitted with a 50-mm lens and a 0.5”
extender ring to improve resolution. The camera’s working distance, proper alignment,
height, and focus were tested for the reflection configuration FT setup. The camera was
used in conjunction with a Hensel flash lamp and a Hensel Performing Light TRIA
6000S flash lamp. The Hensel flash lamp was used with a Hensel EH Pro 6000 flash
tube capable of producing near-instantaneous diffuse 6 kilo-Watt broadband light pulses.
Pulse energies for the flash lamp were varied from 3 — 6 kW and measured to be less than
7 ms. The order of operations was to manually begin recording the IR video and trigger

the flash pulse shortly thereafter. Each video was captured for approximately 5 seconds.
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In-situ Materials

316 stainless steel powder was used for the in-situ experiments using the same
chemical certification shown in Table 3.1.

The M2 was fitted with three sensors critical to the analysis of this in-situ study.
The first of which is a Basler acA5472-17um 20 MP grayscale visible-light (VL) camera
fitted with a MidOpt BP500 filter sensitive across the VL spectrum shown in Figure 1.3.
This VL camera is used to capture three images per layer. Two are captured after all
laser scanning has concluded, one with a side and one with a top-down lighting, termed
post-fusion images. The third image is captured after the subsequent powder layer has
been applied termed, post-spreading. The second sensor is the same model Basler
acAb472-17um 20 MP grayscale sensor, configured as a thermal emissions camera
(TEC) fitted with MidOpt ND090 and BN850 filters sensitive in the 790 — 820 nanometer
(nm) range. The TEC is used for low-frame rate of 2 — 5 frames per second capture of
thermal emissions of all melting during a given layer. The third is an on-axis ThorLabs
PDA100A2 on-axis photodiode with a NF1064-44 laser cutoff filter. The photodiode is
sensitive in the 320 — 1100 nm range and captures emissions at a rate of approximately
40kHz. One drawback to using on-axis sensors is that views can be obstructed by the
plasma plume at the build plane during powder melting.

A total of seven images were captured each layer. This includes three visible-
light images, Figure 3.8, two NIR images, Figure 3.9, and two photodiode images, Figure
3.10. The VL images in Figure 3.8 are captured with varying lighting conditions and
timing. Namely after the layer has completed melting, or post-fusion, with two lighting

conditions, a side and top-down lighting. The third VL image is after the subsequent
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Figure 3.8. VL images captured each layer. Post-fusion with side-lighting (left), post-fusion top-down

lighting (middle), post-spreading side-lighting (right).

Layer 1 65 25.70 mm 25.70 mm

Figure 3.9. NIR images captured each layer for only TPS. Time-integrated image (left) and max (right).
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Figure 3.10. Two photodiode images captured each layer. Intensities from the melt (left), and TPS (right).
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powder layer has been applied, or post-spreading, with side-lighting. Figure 3.9 shows
the two thermal images captured exclusively during the thermal probe scan (TPS)
described in the next section, Chapter Three: In-situ Methods. Two photodiode images
are captured shown in Figure 3.10, one during the melt and the other during the TPS. It
is critical for the purpose of this study to understand that the NIR images are captured for
only the TPS. As will be described later and may be noted from Figure 3.10
immediately, the photodiode only captured intensities during the melt and not during the
TPS. For the remainder of this study, all NIR images are exclusive to the TPS, and all
photodiode images are related to only the melt.
In-situ Methods

A Concept Laser M2 Cusing was used for one in-situ experiment termed the TPS
DOE. Cubes with engineered rectangular-prism voids were designed as shown in Figure
3.11. On a layer with engineered porosity, there were nine squares of varying sizes
shown in Figure 3.12. All cubes were printed using nominal parameters for 316 SS,
Power of 370 W, laser speed of 1350 mm/s, hatch spacing of 90 um, layer thickness of
50 um, and a laser spot size of 130 um. The engineered porosity varied thickness at 2
layers, 6 layers, and 10 layers by height within the cube as shown in a front-view in
Figure 3.13. 16 total cubes were designed in the print with identical geometries. An
arbitrary layer that includes engineered porosity is shown in Figure 3.14. Note that there
is a control block designed into this study, namely part 9 which does not include
engineered porosity and is a solid block. A different type of control block related to the

TPS will be discussed shortly.
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Figure 3.11. Each cube was designed with the same engineered porosity.
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Figure 3.12. A top-down view of each cube with engineered porosity listing designed side length.
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Figure 3.13. Front view of the sets of engineered porosity varying thickness according to Z-height.
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Figure 3.14. A top-down view of a layer including engineered pores. The control block, part 9, is solid.
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The uniqueness of the process explored in this stage of the research is the
introduction of a thermal probe scan (TPS). It is a low power secondary laser pass,
represented in Figure 3.15. On a layer, all cubes are melted normally then the TPS is
applied to all cubes except the control block part 9. The intent is to thermally excite the
solidified metal surface without remelting to then observe the resulting radiation. The
hypothesis is that local higher emitted intensities will correspond to the location of
subsurface porosity due to lack of thermal conduction paths, similar to patterns revealed
by the FT ex-situ experiments. To eliminate scan path heating from shorter vector
lengths [55], a simple raster pattern is performed in which the laser direction does not
rotate per layer. This scan strategy ensures that vector length is constant across the part.

Table 3.2 lists values for the standard melt which were constant across all cubes
and, to test a range of parameters that may change local heat input from the TPS. To
explore and optimize the TPS parameters, laser power, hatch spacing, laser spot size, and
the number of passes were all varied using the values in Table 3.2. As shown in Figure
3.16, a single TPS was used for Parts 1-7 and a double TPS was used for Parts 9-16. In
the double TPS pass, the second scan was rotated 90° from the first but fixed for each
layer. Constant parameters were velocity at 1000 mm/s and layer thickness at 50 pum.

A single value metric often used for comparing processing parameters is

Volumetric Energy Density (VED) measured in J/Jmm3, which is defined as:

P
ED= — 3
v vht )

where P is laser power measured in W, v is laser velocity measured in mm/s, h is laser
hatch spacing measured in mm, and t is layer thickness measured in mm.

31



AAlTlAAAA‘t‘A Al AL Al ALA] 4 Al 4l 4
T M '1'

L]

it
Q‘ Il |
fl | VYVVTV_V_ ' VIVIVIVIVIVIVIVIVIY

Figure 3.15. A top-down view of the lasing order for each layer containing engineered porosity in which

melting occurs first (left) and the TPS occurs second (right). The TPS scans across the entire part bounding

box irrespective of that layer’s printed geometry.

Table 3.2. Processing parameters explored in the TPS study. Bold text refer to the two control blocks

which excluded a TPS for part 8 or engineered pores for part 9.

Part  Power Hatch Spot Size Number of VED

ID (W) (mm) (mm) Passes (J/mms3)
1 10 0.025 0.050 Single 8
2 10 0.050 0.050 Single 4
3 25 0.025 0.050 Single 20
4 25 0.050 0.050 Single 10
5 10 0.025 0.500 Single 8
6 25 0.025 0.500 Single 20
7 50 0.025 0.500 Single 40
8 - - - TPS Control -
9 50 0.025 0.500 Double 40
10 10 0.025 0.050 Double 8
11 10 0.050 0.050 Double 4
12 25 0.025 0.050 Double 20
13 25 0.050 0.050 Double 10
14 10 0.025 0.500 Double 8
15 25 0.025 0.500 Double 20
16 50 0.025 0.500 Double 40
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Figure 3.16. The number of passes and scan strategy applied to each set of cubes.
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It is critical to eliminate effects from scan strategy as much as possible while
performing the TPS so as to avoid heating effects resulting from coalescing meltpools
with shorter vector lengths [53]. Local heat build-up from scan strategy may result in
undesired remelting of the part surface. The scan strategy chosen to avoid this issue was
a simple raster pattern in which the hatching did not rotate per layer. This scan strategy
ensures that line length is constant across the part and would not vary across layers.

Two control parts were included in this study. Note that the two control blocks
Parts 08 and 09 are in bold text. Part 08 has no TPS and part 09 does not have
engineered pores. To test whether thermal signatures could be observed without using
TPS, Part 8 was printed with pores but no TPS. Since its top surface was melted last
during each layer’s print sequence, part 8 would be warmer than the other cubes at the
time of camera triggering to capture thermal emissions by the TEC. Therefore, it would
be the most advantageous scenario that PT would be sufficient to capture thermal
signatures indicating the presence of subsurface pores. A second control part, part 9, did
include TPS but its part geometry was solid without the engineered pores. Here it is
possible that the TPS could indicate the presence of subsurface pores without generating
them artificially in the CAD model. Analysis on these cubes in particular are most
interesting to understand the necessity and utility of the TPS.

During the TPS design-of-experiments (DOE), images captured as described in
the In-situ Materials section are shown in Figure 3.8, Figure 3.9, and Figure 3.10. After
the TPS DOE was completed, the captured in-situ data was gathered and put into Oak

Ridge National Laboratory’s (ORNL) Manufacturing Demonstration Facility’s (MDF)
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Peregrine software [56], [57]. Peregrine is a suite of tools designed for PBF in-situ data
collection and analysis. From Peregrine, all in-situ images are captured each layer and
may be viewed using both a spatial (XYZ location) and temporal (layerwise) basis. The
imaging and other in-situ data are then encoded into a feature vector illustrated in Figure
3.17Error! Reference source not found.. In this form, powder bed images were
annotated to train a Dynamic Multi-label Convolutional Neural Network (DMSCNN) to
rapidly characterize anomaly classes within PBF images [56]. Anomaly classes are
anything that an experienced operator can name to understand and describe a layer of a
printed part. While not anomalous, the two base classes included in any PBF analysis are
Powder and Printed.

Building off work from Scime et. al, Figure 3.18Figure 3.18 shows anomaly
classes defined for the purpose of the TPS DOE [58]. Where this study varies from
previous work is in the timing of data capture for the thermal images as well as
segmented capture times and image conversion for the photodiode data. Recall that,
specifically for the TEC, no thermal emissions were captured during the standard melt of
all parts. It was only after melting had completed that TPS began and the TEC captured
data for only the TPS of all parts. However, the on-axis photodiode data was captured
and then separated temporally post-build for both the melt and for the TPS. As will be
shown in Chapter Four: In-situ Results, the photodiode data for the TPS was nearly zero.

The DMSCNN was trained by the author and was performed using objective tools

and knowledge. For example, printed material only exists where the CAD model was
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designed on a layerwise basis. Most classes were selected in training based on simple

threshold tools above or below a particular grayscale value from 0 — 255. Two new
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Figure 3.17. An illustration of example features encoded within the feature vector for every pixel.
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Figure 3.18. The list of anomaly classes and associated colors defined for the TPS DOE.

anomaly classes are introduced here, Generic Pore and Bright Banding. Generic Pore is a
class for describing the layer immediately after engineered pores. Bright Banding is a
class termed for locally brighter intensities within photodiode images. Generic Pore was

trained on only 2 layers in the entire build, specifically layers after both the 100 um and
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300 um thick pores. Layer 165 illustrating Generic Pore class is shown in Figure 3.19.

Layer 165 of Bright Banding is shown in a processed photodiode image in Figure 3.20.
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Figure 3.20. Photodiode image of TPS on layer 165 (bottom) and the same image overlaid with Bright
Banding classifications (top).
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Thresholding and minimume-size tools were used to train regions for this new anomaly
class which typically corresponded to, but were not limited to, 5 or fewer layers
immediately after engineered pores completed. Reasoning for restricting within 5 layers
will be discussed in Chapter Four: In-situ Results section.

All cubes from the TPS DOE were removed from the plate via wire-EDM. Each
part was then scanned using high resolution X-ray computed tomography (XCT) shown
in Figure 3.21 using a ZEISS METROTOM 800 equipped with a 225 kV source. The
system operated a peak voltage of 215 kV and an X-ray tube current of 104 pA. A total
of 1013 projections were acquired for each scan at various angles and used to reconstruct
a 3D representation of the scanned specimens with an 18.85 um voxel size. Each

projection was an average of 4 images with 0.5 second exposure time per acquisition.
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Figure 3.21, A transparent view of an arbitrary XCT volume from the TPS DOE Experiment to illustrate

the presence of voids colored in red.
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CHAPTER FOUR

RESULTS AND DISCUSSION

Ex-situ Results

Over 200 FT tests were performed on various 316 SS specimens. Figure 4.1
shows a breakdown of FT IR video frames before, during, and after the flash pulse occurs
highlighting differences in emitted intensities on a mounted 316 SS sample. Among the
first tests, this sample was prepared using a standard metallographic polishing process of
316 SS to achieve a flat face and then sand-blasted to remove reflections. The frame rate
for this video was 1240 frames/second, and the pixel resolution was 250 pum/pixel.

The difference in intensities may be a result of reflectivity or absorption but are
mainly attributed to a difference in local temperature. While it is difficult to decouple
effects which influence temperature measurements, it does not change the fact that a
thermal gradient exists. As a result, IR video frames were exported from FLIR Research
Studio and parsed into MATLAB script #2 included in the Appendix. As the IR frames
are stacked through time, select points may be chosen to analyze intensity vs time plots to
investigate differences in intensities, decay rate parameters, or area under the curve.
Figure 4.2 shows this intensity vs time plot for points of interest shown in red and green
in Figure 4.1. The red point is a suspected hot spot whereas the green spot is a
representative point of what is expected to be nominally dense material.

In Figure 4.2, it is observed that there is a maximum difference in temperature
between the red and green points of approximately 9° Celsius throughout the transient

decay of the curve. Among the initial tests, this difference seemed promising. However,
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Figure 4.1. Frame by frame FT analysis of the mounted 316 SS support before flash (left) during flash
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Figure 4.2. Intensity vs time plot for the red and green points shown in Figure 4.1 and a zoomed view of

the transient behavior showing differences in observed temperature (right).
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a surface profilometer revealed that the R, is above 3 um. As reported by Taylor et. al,

one cannot rule out surface roughness influences on emissivity unless the ratio of emitted

wavelengths to R, is less than 0.2 [13]. Because observed wavelengths are MWIR, this

ratio would be at 0.6 at best. Therefore, surface topology will generate variations in
measured surface intensities and may result in false positives. Furthermore, ex-situ
characterization techniques such as XCT would be required to test if the points of interest
contained subsurface pores. Further analysis is required on a sample with known defects.
With lessons learned from initial flash tests, the two flat-bottom hole samples
were tested using the method described in Chapter 3: Ex-situ Methods section. Figure 4.3
shows the fitted thermal decay rate parameter for each pixel across the FBH1 sample
through the first 11 frames after the flash pulse. This was fit the first non-saturated frame
to an exponential decay curve using MATLAB script #3 in the Appendix. 11 frames
were selected to maximize the local differences observed in the thermal decay rate
parameter because including 50 frames decreased contrast in local differences. However,
using 11 frames after the flash pulse for the curve fit did not produce differences in the
thermal decay rate parameter between the solid and subsurface pore regions, as shown in
Figure 4.3. Incidentally, there are surface effects from an uneven coating of spray paint
which can be seen as crescent shapes on and around flat-bottomed hole regions. These
regions show greater effect on thermal decay rate parameter than regions above the FBH.
Instead of exploring thermal decay, Figure 4.4 shows the area under the curve for
frames 10 -100 of the same IR video. Where Figure 4.3 may struggle to show differences

in thermal decay rate across the sample, Figure 4.4 reveals locations above the high
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Figure 4.3. Pixelwise thermal decay parameters fitted to 11 initial frames in the transient period after flash

exposure.
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Figure 4.4. Pixelwise area under the curve emissions through time for frames excluding transient period.
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aspect ratio holes. While the area under the curve of emissions through time may be
influenced by factors such as processing parameter for a given application, it is a useful
predictor of hole locations because the incident flash pulse is roughly uniform across the
FBH surface. Therefore, the heat input into the sample is absorbed relatively
instantaneously and uniformly. Because of local surface asperities, heat absorption may
or may not be uniformly distributed across the FBH parts. As a result of uneven heat
dispersion, the MWIR camera may observe heat radiation from just below the surface.
This issue can be fixed by either surface treatment for a flatter viewing plane or by
changing the irradiation pulse to a monochromatic source [59].

Figure 4.5 shows a contrast-adjusted view using histogram-equalization from a
FT test of FBHL1. Settings for this FT test were 536.88 frames/second with a 3kJ flash
pulse. When viewing locally higher intensities like those in Figure 4.5 which correlate to
the flat bottom hole features, it is easy to forget that the view shown is from the solid side
of the FBH sample as shown in Figure 3.5. As heat is drawn away from the solid side,
heat conduction pathways are obstructed through thickness, or Z direction, due to holes
near the surface. As expected, what is revealed from Figure 4.5 are the largest and
deepest flat-bottomed holes, specifically the 10 mm, 5mm, 3mm OD at 1mm and
0.750mm depth from the surface. This corresponds to hole aspect ratios ranging from
13.3t0 3.0. 1D heat transfer from Equation 1 cannot accurately represent heat transfer
phenomena occurring with holes aspect ratios below aspect ratios of 3.

False positives from uneven spray coating are circled in Figure 4.6. These false

positives persisted for seconds after the flash pulse and even the thermal decay of the six
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Figure 4.5. A contrast-adjusted FT frame shown after irradiation. Zones above flat-bottomed holes of ratio

>3 emit brighter than surrounding material.

Figure 4.6. False positives from surface effects due to uneven spray-painted coating.
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high aspect ratio holes. The higher emittance from the false positives can be seen in
Figure 4.3 as lower thermal decay rate and Figure 4.4 as higher area under the curve.

A36 steel FBH2 specimen showed the same trends as the 316 SS FBH1 specimen
in Figure 4.3 and Figure 4.4. However, with fewer frames to observe differences in
thermal decay rate vs area under the curve, only the results from FBH1 are reported. This
is to emphasize the utility of area under the curve as a metric as compared to thermal
decay rate. Due to differences in thermal conductivities of approximately 50 W/(mK) for
A36 steel vs approximately 15 W/(mK) for 316 SS, heat remains in the FBH1 longer than
FBH2. Results presented here report that area under the curve is a better predictor.

Experiments have demonstrated that the ex-situ FT setup can test idealized
components like FBH samples. However, the methodology faces challenges translating
to testing of real-world components. Flat samples are required with an R less than 3um.
Further, surface treated with black paint is necessary to reduce the effects of emissivity
and measure holes with aspect ratios > 3 to be detected reliably. In L-PBF AM, as-
printed surface roughness typically exceeds 10 um R, on favorable planes such as XZ
and YZ and 30+ pm on downskin planes such as XY. Surface treatment by spray coating
or machining may not be feasible for a given part ex-situ. Hence, while IR-T NDE
techniques are useful, the scope of FT is limited to cases with controlled surface finishes.
In-situ Results

The completed TPS DOE Experiment 01 is shown in Figure 4.7 and the

individual samples machined from the plate are shown in Figure 4.8. The print was

48



IHRRERAENY

Figure 4.8. A top-down view of cubes removed from the TPS DOE build plate.

paused on the first layer after the 10-layer deep pores were melted, i.e. layer 230 or 11.5
mm of the designed 15 mm height. This allowed each part to maintain an as-printed

surface, as shown in Figure 4.9, which was then measured for surface roughness.
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Figure 4.9. Visible-light post-fusion image of the first layer after engineered pores are completed, captured

after the standard melt and TPS passes were completed.

Figure 4.10 and Figure 4.11 show the NIR thermal emissions of only the TPS pass
during the experiment on a layer with engineered porosity and also the first layer after the
engineered porosity 10 layers deep completed, respectively. Where exposed powder
exists on a layer with engineered porosity, heat builds up from the TPS and emits brighter

than surrounding solidified metal, revealed by the TPS on the right side of the left image
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Figure 4.10. A raw grayscale NIR image of thermal emissions from only the TPS pass on a layer with
engineered porosity (left) and a composite image of the same layer in which the dynamic range is adjusted

for each cube (right). Note that there are no emissions from P8 as it did not include a TPS.

L) e d

Figure 4.11. A raw grayscale NIR image of NIR thermal emissions from only the TPS on the first and only
layer after the 10-layer thick engineered pores (left) and a composite image of the same layer in which the

dynamic range of each cube is adjusted for each cube to highlight local intensity differences (right).

in Figure 4.10. The same trend can be seen from the photodiode intensity data shown in

Figure 4.12 which shows only the melt of the layer with an engineered pore, not the TPS.
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Figure 4.12. An image of photodiode intensities captured during the melt of a layer with engineered
porosity (left) and an image of photodiode intensities during only the melt of all cubes melted one layer
after the 10-layer engineered pore (right).

For model training, the photodiode intensities were separated by the melt and the
TPS, and each dataset was then rasterized into their own images to feed into the image
stack analyzed by the DMSCNN described in Figure 3.17. The photodiode data split into
the melt and the TPS is shown in Figure 4.13. While the TPS parameters chosen for this
experiment may have performed well to locally heat solidified metal on each layer
without remelting, each was too low for the noise threshold to capture meaningful
photodiode data. As a result, any analysis hereafter will consider NIR TEC data for only
for the TPS and the photodiode data from only the standard melt. The completed image
stack, which included three VL images, two NIR TEC images, and one photodiode image
of the standard melt, were used to train the DMSCNN model as described in the In-situ

Methods section.
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Figure 4.13. Photodiode intensity image of the standard melt for a cube one layer above the engineered
porosity (left) vs aliasing effects from intensities being below the noise threshold of the photodiode sensor

captured only during the TPS of the same cube (right).

Figure 4.14 shows the DMSCNN model’s analysis for Layer 165 with engineered
porosity. The TPS does well to reveal exposed powder by the model’s ability to classify
these areas as with localized bright spot (LBS) or localized dark spot (LDS). This is
expected since large XY areas and deep Z volumes of either unmelted powder or trapped
air or argon are more thermally insulating than the surrounding solidified metal.
Therefore, data captured from the first layer which “cap” the engineered pores are most
salient to this experiment’s results. Note that the right side of Figure 4.10 shows TPS
data on a layer with exposed powder due to engineered porosity. By and large, areas
appear locally brighter than surrounding solidified metal. However, the right side of
Figure 4.11 shows the first and only layer of data captured after the 10-layer deep pores
completed and the trend flips such that most areas immediately above engineered pores

are now locally darker than surrounding metal.
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Figure 4.14. DMSCNN predictions overlayed on the post-fusion image of layer 165.

Although the root cause for this phenomenon is unknown, it is noteworthy that a
certain range of TPS processing parameters is causing the observed response. This is
because Parts 3, 6, 12, and 15 show brighter intensities overall or in local areas above
engineered pores and were all melted with parameters whose VED was 20 J/mm3 from
Table 3.2. Parameters with VED above or below 20 J/J/mm3 result in locally darker
regions above engineered pores. Interestingly, these parameters varied spot sizes and
number of passes as 50 um vs 500 um and single vs double passes, respectively.

Though the goal of the TPS experiment is rooted in AT, the TPS passes are not
guaranteed to only thermally excite material without remelting. Given this evidence that
a potentially narrow VED range results in locally higher intensities in NIR TEC images

from the TPS irrespective of spot size and number of TPS passes, it is theorized that the
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right amount of energy input is required to provide enough heat that will radiate back but
not so much to remelt the top surface and increase thermal conductivity locally.

A Keyence VR-5000 was used to measure a height map of the top layer of the
cubes shown in Figure 4.15. Recall that the experiment was intentionally stopped on the
first layer completed after the designed 10-layer pores to gather surface topography data.
During the experiment the author and colleagues were hopeful that locally brighter
intensities would correspond to surface roughness information, specifically valleys or
peaks on the surface. Qualitatively, this does not appear to be the case. There are areas
in which both locally brighter intensities and locally darker intensities correspond to both
higher and lower surface heights, such as parts 6 and 15 or 7 and 11, respectively.
Results are inconclusive and more analysis is required to investigate this possibility.

Figure 4.12 highlights the ability of the photodiode to capture changes in melting
dynamics. One complicating factor is that the photodiode is an on-axis sensor which
restricts viewing the laser to build plane interaction through the laser plume.
Nonetheless, high intensities are shown to persist for layers after engineered pores have
completed. This is shown in Figure 4.16 and Figure 4.17 which compare photodiode
intensities as a function of layers after the engineered pores as well as the depth of
engineered pores. Figure 4.16Error! Reference source not found. highlights Part 1 for
the first four layers after the 6-layer deep engineered pore was melted. Although Bright
Banding appeared atop multiple pores for one layer, there are smaller streaks atop the 4

mm edge length pore in the upper right up to three layers. It is hypothesized that the scan
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pattern from the standard melt, and indirectly the hatch length, is the likeliest contributor

to whether Bright Banding will

Figure 4.15. A height map captured using fringe projection (left) vs the corresponding layer’s composite
NIR in-situ image from the TPS (right).

occur multiple layers after engineered pores. Given this evidence, this is the best
explanation because most other parts saw the same trend of locally higher intensities for
the same 4mm and 5mm pores as shown in Figure 4.12. However, additional testing and
work to explore this hypothesis is warranted to further test this theory.

Figure 4.17 also highlights part 1 and its tendency for higher and lower intensities
to be detected as a function of engineered pore depth. Grayscale intensities above a given
threshold were more likely to be sensed with deeper designed pores across the
experiment. Although Bright Banding was introduced to describe anomalies within
photodiode images irrespective of Z height, it is interesting that pores are detected as
lower intensities in the photodiode data for layers after engineered pores. A confluence

of factors contributes here including the processing parameter, scan strategy, emissivity
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changes as a function of surface roughness, and viewing angle, contribute to specifically

the LDS detected by the DMSCNN. In particular, it is posited that scan strategy and the
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Figure 4.16. Photodiode intensity images of the melt on the first 4 layers after the 6-layer deep engineered

pore. The first layer reveals simultaneously the brightest and darkest intensities classified as Bright

Banding and Generic Pore, respectively.
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Figure 4.17. Photodiode intensity comparison of the first layer after engineered pores of varying depths.
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length of vectors atop the engineered pores due to the direction of the hatch front has a
strong influence on the likelihood of Bright Banding. It is possible that the shallower
designed pores are healed and solidified such that higher thermal conduction paths exist
through Z when observing the top surface. For engineered pores at 6- and 10-layers
deep, however, healing is unlikely. The reason for detecting a lower intensity for up to
four layers after closing an engineered pore as shown in Figure 4.17 is an open question
and requires future research.

One major drawback of the TPS is the time added per layer. Due to relatively
slow scans over large areas, the layer times for the TPS DOE Experiment increased from
approximately 90 seconds minute to over 500 seconds. A 5— 6X increase in layer times
is neither desirable for L-PBF AM nor possible in many cases. Effects from an increase
in layer times such as this were not investigated. Despite the added time, however, this
technique does show feasibility to detect large-scale porosity down to approximately
0.5mm. Should the TPS technique be pursued, the author recommends it be restricted to
critical printing areas to reduce effects from layer time increase.

Figure 4.18Error! Reference source not found. shows an anomaly class overlay
of the last layer of the experiment highlighting the DMSCNN’s reliability in classifying
Bright Banding, Generic Pore, and LBS. Recall that this model is multi-class such that
every pixel is classified as a yes or no for each anomaly class listed in Figure 3.18.
Ultimately, the goal is to determine if these anomaly class predictions correspond to

porosity detected by ex-situ means. In this case, XCT was used to characterize half of the
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TPS DOE Experiment 01 parts. The minimum XCT intensity through the entire Z height

is shown on the left of Figure 4.19
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Figure 4.18. Anomaly class overlay on the VL post-fusion image of the last layer of the TPS DOE

Experiment.

Figure 4.19. A composite image of the lowest intensity detected through entire Z height of the eight cubes
characterized via XCT (left) and a composite image of the lowest intensity of Part 3 only through layers
including the 6-layer deep engineered pore (right).
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and layers through the 6-layer deep engineered pore for part 3 are shown on the right.
The results from each of these datasets were then segmented into Imm x 1mm x 0.1mm
zones termed super-voxels. Using the anomaly class super-voxel results as inputs and
XCT super-voxel data results as outputs, a least-squares regression model was fit. The
results are shown in Table 4.1. Within each super-voxel, a number of values may be
exported to classify size, morphologies, and distributions. Percent porosity was chosen
as the value to measure against within each super-voxel of XCT data. The regression
model fits well for a subset of P3 input data, specifically above the 6-layer engineered
pore, accounting for 79.5% of spread observed in the XCT data. 11 degrees-of-freedom
(DOF) were used as inputs to this model from the feature vector including all anomaly
classes, some log file data, and geometric features such as distance to edge.

However, no regression model fits well to data from the part 9 control block.
Although there were many classifications of LBS, Figure 4.14 and Figure 4.18 show that
part 9 did not have many classifications of Generic Pore or Bright Banding as did the
cubes with engineered pores. As a result, fitting a model to over 12,500 super-voxel
observations using 23 inputs only accounted for 11.3% of spread seen in the XCT percent
porosity data. This is likely because the mode of porosities detected in this study for the
majority of super-voxel inputs was lack-of-fusion due to the size of the engineered pores.
In the case of control block part 9, the manufacturer’s default parameter is recommended
to print parts at a minimum of 99.X% dense. This means that the default parameter for
the standard melt without engineered pores is inducing less than 0.1% of porosity by

means of either keyholing, boiling, or gas porosity all of which can be an order of
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Table 4.1. Results from the least-squares regression fit of super-voxelized in-situ anomaly classifications

to super-voxelized XCT porosity values.

Metric 6-Layer Pore of P3  Part 9, Control
R? 0.795 0.113
RMS Error 4.73 3.28
Mean of 3.46 1.24
Response
Observations 704 12579
Model DOF 11 23
p-values <0.001 2 8
Best input feature  distance from edge, post-spread image,
predictors generic pore distance from edge

magnitude smaller than lack-of-fusion porosity. For this reason, the TPS DOE
Experiment DOE could not determine areas of porosity within the control block simply
due to size. The resolution of in-situ image data is 86 um for this experiment. 86 pum is,
in most cases, larger than the size of porosity generated by keyholing, boiling, or gas
porosity. Without overcoming hardware limitations by means of higher resolution or
higher frame rate cameras, expanding thermal gradients by increasing energy input
through AT, or performing more in-depth processing techniques, the methods presented

in this thesis may be limited to detecting larger lack-of-fusion porosity.
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CHAPTER FIVE

CONCLUSIONS AND RECOMMENDATIONS

Ex-situ Conclusions and Recommendations

Flash Thermography (FT) was performed on a range of L-PBF AM 316 stainless
steel additive manufacturing (AM) parts printed by Laser-Powder Bed Fusion (L-PBF).
One such part was a printed FBH specimen with holes designed with known aspect

ratios. Set up in a reflection configuration, the >3 um R solid side of the FBH specimen

was treated with black spray paint to increase emissivity. This side of the FBH was then
irradiated with a flash pulse energy of 3 — 6 kJ and subsequently observed using a FLIR
8501SC MWIR camera capturing 100 — 1000 frames per second to capture resulting
surface thermal radiation. After removing saturated frames from a 7ms pulse length, the
intensity vs time plots were analyzed. Thermal decay rate parameters were calculated for
each pixel using 10 — 100 frames after saturated frames were removed, and total thermal
emissions by area under the curve were calculated. Thermal decay rate parameters did
not indicate areas immediately above hole “defects”, although area under the curve
showed to be a reliable predictor of hole location down to aspect ratios of 3.0.
When performing the reflection configuration FT on metal samples, the author

recommends the following:

e Create a flat viewing plane to avoid surface effects on emissivity

e Treat the viewing surface with black paint to increase emissivity

e Select a viewing sensor or camera with longer wavelengths to decrease R, to

emission wavelength ratio
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e Install an extender ring on the camera to maximize pixel resolution

e Maximize heat input to increase time to observe thermal decay

e Maximize number of frames to distinguish thermal transient behavior of porous

and dense material

e Maximize aspect ratio of pores of interest to increase detectability
Ensuring the above points are followed will increase FT efficacy and usefulness as an ex-
situ Non-Destructive Evaluation (NDE) technique for AM components.
In-situ Conclusions and Recommendations

Active thermography was performed in an L-PBF machine with the intent to

detect subsurface porosity on layers containing engineered pores of varying sizes and
depths. The test print included 16 cubes melted with the manufacturer's nominal
parameter followed by a low-power laser pass termed a thermal probe scan (TPS). The
experimental design varied processing parameters for the TPS to increase the in-situ
sensors’ ability to detect subsurface porosity. Before and after each melt, three images
were captured using an off-axis 20MP visible-light grayscale camera. During the
standard melt, one image was captured using a 40kHz near-infrared (NIR) on-axis
photodiode. During the TPS, two images were captured using an off-axis low-frame rate
20MP thermal emissions camera capturing in the NIR. The layer-wise images and
machine log file data were compressed for each pixel and fed into a supervised Dynamic
Multiscale Convolutional Neural Network (DMSCNN) for anomaly class predictions.
Experimental parts were scanned using X-Ray Computed Tomography (XCT) for

porosity. Both the DMSCNN and XCT results were segmented and split into super-
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voxels for localized analysis. A regression model was fit to predict percent porosity
within each super-voxel using the DMSCNN’s anomaly classifications as inputs and the
XCT results as outputs. A subset of data from engineered pore regions achieved an R?
value of 0.795 when fit against percent porosity. Data from the control block did not
account for spread seen in the percent porosity values as its R? value was only 0.113.
Given the encouraging preliminary results from the regression model, future work
and further analysis is recommended to explore further application. Important areas for
further research and development include the following:
e Test scan strategy effects from standard melt pattern resulting in Bright Banding
anomalies within photodiode image
e Increase camera resolution to increase resolving power of TPS
¢ Investigate effects from laser spot size including spot shape change lasers
e Explore TPS on other material systems and powder size distributions
e Utilize other sensors to increase degrees of freedom in the regression model
The TPS DOE demonstrates feasibility to detect large scale lack-of-fusion porosity in-
situ and correlate to measured percent porosity within super-voxels. Determining ways
to increase probability of detection of smaller types of porosity is key.. One particular
avenue of work could be to explore the utility of raw time-resolved data from high speed

on- and off-axis photodiodes to maximize the resolution of the TPS.
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MATLAB Script #1

t3 = linspace(0,5,5000);
Q=500; %W

pm =8000; % kg/m"3
pc = 3150; % kg/m~3

pp = 1240;

cm =500; 9% 500 J/kgK
cc =580; % 500 J/kgK
cp = 1800;

km =50; % W/mK

kc =10; % W/mK

kp =0.13; % W/mK

d =0.75e-3; % m

alpham = 15e-6; % m"2/s
alphac = 160; % m"2/s

alphap = 0.0125

Temp_metal = Q./(sgrt(pi.*pm.*cm.*km.*t3)).*exp(-d.*2./(4.*alpham.*t3));
Temp_sic = Q./(sqrt(pi.*pc.*cc.*kec.*t3)).*exp(-d.*2./(4.*alphac.*13));

Temp_PLA = Q./(sgrt(pi.*pp.*cp.*kp.*t3)).*exp(-d."2./(4.*alphap.*t3));

%%

Norm_Temp_metal = Temp_metal./max(Temp_PLA);

APPENDIX

Norm_Temp_sic = Temp_sic./max(Temp_PLA);
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Norm_Temp_PLA = Temp_PLA./max(Temp_PLA);
%%

% close all;

Temp_metal(1) = 0;

Temp_sic(1) =0;

Temp_PLA(1) =0;

Norm_Temp_metal(1) = 0O;

Norm_Temp_sic(1) = 0;

Norm_Temp_ PLA(1) =0;

%%

figure

plot(t3, Norm_Temp_metal, 'k',t3, Norm_Temp_sic, 'b',t3, Norm_Temp_PLA, 'r")
xlabel(‘time (sec))

ylabel('Normalized Temperature’)

title('LD Heat Transfer of Different Materials’)
legend('Mild steel’, 'Silica’, 'PLA")

xlim([-0.001,0.1])

ylim([0,1.01])

MATLAB Script #2

clear all; clc; close all;
% Chase Joslin Master's Thesis Code

% Flash Thermography Video Analyzer

78



% August 2024
first_frame = input("What is the first frame's index?");
last_frame = input("What is the last frame's index?");
frames = last_frame - first_frame + 1,
offset = first_frame - 1;
% Calculate the actual index in the file names
filename = sprintf('Rec-0146_73.csv");
%Read the CSV file into a matrix
video_frames = readmatrix(filename);
for index = 2:1:frames
video_frames(:,:,index) = 0;
end
%% Read frames into 3D array
for index1 = first_frame:1:last_frame
filename = sprintf('Rec-0146_%d.csVv',index1);
video_frames(:,:,index1-offset) = readmatrix(filename);
end
%% 2025.04.28
%% Added 2025.04.21 for Display of Individual Points Int vs time curves
% close all
rowl = 262;

coll=112;
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row2 = 50;

col2 = 300;

frame_number = (1:1:100);

hot_spot = squeeze(video_frames(rowl, coll, :));
cold_spot = squeeze(video_frames(row2, col2, :));
difference_spots = hot_spot - cold_spot;

figure

plot(frame_number', hot_spot, 'x-r', frame_number',cold_spot, 'X-g’)
legend(’'hot spot’, ‘cold spot’)

title('Intensity Comparison of Points')
xlabel('Frame’)

ylabel('Intensity")

figure

plot(frame_number', difference_spots, 'xk-")
title('Intensity Difference’)

xlabel('Frame’)

ylabel('Intensity")

%% Adaptive Plateau (Histogram) Equalization 2025.04.21
Single_Frame = video_frames(:,:,12);

h =gca;

h.Visible ='0n’;

figure
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| = imshow(Single_Frame, [25,30])

hold on

rectangle('Position’,[col1-0.5, row1-0.5, 1, 1],'EdgeColor’,'r','LineWidth',2)
rectangle('Position’,[col2-0.5, row2-0.5, 1, 1],'EdgeColor','g’,'LineWidth',2)
hold off

%%

AHE_Single_Frame = histeq(Single_Frame)

figure

imshow(AHE_Single_Frame)

colorbar

%%

close all

figure

imshow(Single_Frame, [22,90])

%%

figure

imhist(Single_Frame,128)

%%

close all

figure

imshow(AHE_Single_Frame)
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% adapthisteq(video_frames)

%% Display Image for User to Crop
close all;

figure
imshow(video_frames(:,:,5),[22 90])
h = gca;

h.Visible ='On’;

% At this point it is recommended the user manually crop the figure to
% determine bounds for the next step
%% Crop to region of interest

Ymin = input("Ymin');

Ymax = input("Ymax');

Xmin = input("*Xmin');

Xmax = input('Xmax’);
cropped_video = video_frames(Ymin:Ymax,Xmin:Xmax,1:frames);
figure
imshow(cropped_video(:,:,1),[22 25])
h = gca;

h.Visible ='On’;

%% Break for user input question

% while(1)

% choice = menu('Press yes no','Yes','No');
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% if choice ==2 | choice==

%  break;

% end

% end

%% Code Hereafter is to analyze Cropped Image

% Gather initial intensity and Area under curve values

10 = cropped_video(:,:,1);

% initialize area matrix

dimensions_cropped_video = size(cropped_video);

Area = zeros(dimensions_cropped_video(1:2));

for index1 = 1:1:dimensions_cropped_video(1)
for index2 = 1:1:dimensions_cropped_video(2)

Area(index1,index2) = trapz(cropped_video(index1,index2,:));

end

end

%% Plot One Pixel's raw data Intensity vs Frame #

%close all;

% plot(test)

test = zeros(1,frames);

for index = 1:1:frames
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test(index) =
cropped_video(floor(0.5*size(cropped_video,1)),floor(0.5*size(cropped_video,2)),index)
end
x = (1:1:frames)’;
plot(x,test,'xk")
axis padded
hold on
% for x = 1:1:Xmax - Xmin + 1
% fory=1:1:Ymax-Ymin+1
%  forz=1:1:frames
% test(index) = cropped_video(X,y,2);
% end
% end
% end
% decay_frames = input('How many decay frames do you want to include?")
decay_frames = 10;
% max(find(test == max(test)))
% fit_start = 1 + max(find(test == max(test)));
fit_start = max(find(test == max(test)));
fit_end = fit_start + decay_frames;

exponential_fit_to_test = test(fit_start:fit_end);
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x_fit_start = x(fit_start:fit_end);

f = fit(x_fit_start,exponential_fit_to_test','expl’);
fit_values = coeffvalues(f);

thermal_decay_rate = fit_values(2)

%% Fourier Transform Attempt 2025.04.08
Fourier_Transform = fft(exponential_fit_to_test);
Hz = 536.88;

fs = 1/Hz;

f = (0:length(Fourier_Transform)-1)*fs/length(Fourier_Transform);
figure

plot(f,abs(Fourier_Transform))
xlabel('Frequency (Hz)")

ylabel('Magnitude")

title(‘"Magnitude’)

% plot(f,x_fit_start,exponential_fit to_test’)

% axis padded

% title('Center Point Thermay Decay')

% Xlabel('"Frame Number’)

% ylabel('Raw Intensity")

MATLAB Script #3

%% MATLAB Script #3 assumes you have included MATLAB Script #2 to run

decay_ frames = 20;
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indices = size(cropped_video);
test = zeros(1,frames);
x =(1:1:100);
thermal_decay rate_matrix = zeros(index1, index2);
for index1 = 1:1:indices(1)
for index2 = 1:1:indices(2)
for index3 = 1:1:frames
test(index3) = cropped_video(index1,index2,index3);
end
% fit_start = 1 + max(find(test == max(test)));
fit_start = max(find(test == max(test)));
fit_end = fit_start + decay_frames;
exponential_fit_to_test = test(fit_start:fit_end);
x_fit_start = x(fit_start:fit_end);
f = fit(x_fit_start,exponential_fit_to_test','expl’);
fit_values = coeffvalues(f);
thermal_decay_rate_matrix(index1, index2) = fit_values(2);
end
end
%%
imagesc(thermal_decay_rate_matrix)

colorbar
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