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Detection and Tracking of Melt Pool
in Blown Powder Deposition Through
Image Processing of Infrared Camera
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Abbreviations

AM Additive manufacturing
BPD Blown powder deposition
CCD Charge coupled device
CNC Computer numerical control
IR Infra-red
JSR Just solidified region
LoG Laplacian of Gaussian

22.1 Introduction

Additive Manufacturing (AM) is a component fabrication methodology where the
desired geometries are built by selectively adding material in a layer by layer
fashion. This approach is complementary to conventional subtractive fabrication
methodologies where the desired geometries are machined to shape by removing
material from a starting block of material. AM has been theorized to offer cost-
effective means to fabricate complex geometries which are otherwise challenging to
produce. Through various implementations, AM processes are being developed and
commercialized for several materials such as plastics, metals, ceramics, and even
organic materials. The avenues offered through AM are often cited to be exciting
and groundbreaking.
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Among the different modalities of AM, metal-based AM is of great interest
to the industries such as bio-medical [1], aerospace [2], defense [3], automobile
[4], and construction industries [5]. AM is known to provide cost-efficient means
of fabricating components with low buy to fly ratios and shorter lead times. The
capability of AM to fabricate complex geometries can eliminate the need for
assembly and thereby improve manufacturing and functioning efficiencies. AM has
also been used to repair, recondition, and remanufacture existing components [6].
Such a revival of the end of life components can lead to immense cost savings and
thereby growth in the industry [7].

While the benefits of AM are obvious, the process is very complicated and
the outcome from the process is dependent on various factors. Depending on the
modality, the factors of influence are subject to change. Metal-based AM modalities
differ in terms of power source, the form of feedstock, types of process variables,
and capabilities [8]. For the sake of clarity and brevity, discussion in this chapter
will be limited to blown powder deposition.

Blown Powder Deposition (BPD) is a variant of laser metal deposition [8]. In
this process, a moving melt pool is created on a substrate material by the use of a
laser and a motorized worktable. A stream of powder is introduced into the melt
pool through a feed tube; this powder is melted and then consolidated on to the
substrate material. By moving the melt pool in a pre-planned fashion, the material
is deposited in a layer by layer sequence. Upon successful deposition of such layers,
the components of required geometries are fabricated. A schematic diagram of BPD
is shown in Fig. 22.1.

The quality and properties of components obtained through BPD are dependent on
process variables such as laser power, scan speed, powder feed, and layer thickness
[9–11]. Creating and sustaining a melt pool capable of producing material with

Fig. 22.1 A schematic
diagram of a front view of a
BPD process indicating the
relative positions of the laser
beam, the powder feed tube,
and the substrate. The red
lines indicate the layer
boundaries from the
preplanned deposition path
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required properties while ensuring successful fabrication of the required geometry
is a challenging problem [12]. In the aim of understanding the influence of process
parameters on material properties, researchers have mostly relied on experimentation
and subsequent testing [10]. The composition of the material under discussion
also influences the interaction and influence of the process parameters. This forces
researchers to repeat similar studies on every new material.

Analysis from destructive testing of deposits only yields information on the final
outcome and leaves in-process phenomenon to speculation. In order to realize the
in-process phenomenon, researchers have often resorted to numerical analysis such
as finite element modeling [13], cellular automaton [14], molecular dynamics [15],
and phase field modeling [16]. Researchers have used such techniques to model,
cooling rate [17], melt pool characteristics [18], temperature profile microstructure
[19, 20], residual stresses [21], etc. In order to establish the validity of these models,
the attributes of deposits such as melt pool dimensions, microstructure features,
residual strain, and the temperature during deposition have been used. While such
approaches have known to be successful, wide-scale incorporation of these models
is not feasible. Often times these studies are limited in their scope due to assumptions
necessary to facilitate successful calculation, loss of relevancy due to change in setup
or limitations on computational resources.

Vision-based real-time monitoring of the deposition processes and closed loop
control is a potential solution for realizing in-process phenomenon and performing
a controlled deposition process. Real-time monitoring and potential closed-loop
control of AM processes have been a topic of study for a while. Song et al. have
successfully developed a system of three CCD cameras and a pyrometer for real-
time tracking and control of deposition height. While doing so they were also able
to measure and control the melt pool temperature [22]. The required control actions
were performed by manipulating the power value during deposition. Similar process
monitoring techniques have been developed for another localized heating process,
i.e., welding. Real-time monitoring and correction during plasma welding and laser
welding were achieved to study weld pool diameter, the surface of the weld pool,
the weld plume size, etc. Kovacevic et al. utilized a CCD camera to capture a
laser illuminated weld pool for information on surface detail. By its study, they
were able to perform real-time correction during the process [23]. This camera
was configured to capture light in the wavelength range of the irradiating laser.
Manipulation of arc current, shield gas flow rate, and feed speed were used as a means
to perform the required control. Zhang et al. utilized a spectrometer to analyze the
plasma-developed laser lap welding. Simultaneously, a CCD camera was used to co-
axially monitor the shape of the weld pool [24]. The intensity of characteristic peaks
pertaining to constituent elements was observed to understand the welding practice.
By integrating image processing and edge detection methods, they identified potential
defects during the process. Huang et al. utilized an IR camera to acquire temperature
information and implement interference analysis on their hybrid laser and TIG
welding system. By doing so, they were successful in tracking the weld seam during
the process [25]. Similarly, multiple systems were developed using pyrometers,
CCD cameras, acoustic sensors, etc. to monitor the process [26–29]. The above-
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mentioned control and monitoring setups were dedicated to observing a characteristic
feature such as the size of melt or weld pool, temperature, the shape of weld plume,
etc. Decision criteria based on this information were established through iterative
experimentation. However, the analysis did not involve decoupling the monitored
data to understand the solidification process. These setups were validated through
qualification of final geometry. In this chapter though, a processing methodology for
obtaining representative insight into the process of solidification is discussed. The
influence and capacity of feedback systems are presented.

22.2 Influence of Feedback Systems

The authors theorize, controlling and maintaining a fixed melt pool size and ensuring
consistent material deposition is central to setting up a robust deposition process.
Incorporation of feedback mechanisms for compensating in-process inconsistencies
and ensuring consistent layer thickness could be an approach for reliable fabrication.
Pan and his colleagues at Missouri S&T developed a BPD system with two feedback
systems aimed at managing the energy within the deposit and ensuring consistent
material buildup [30].

Due to the localized heating in BPD, there are steep temperature gradients
within and around the melt pool. Also, due to the large melting points of most
metals, the melt pool is visibly hot and distinguishable. This enables the prospect
of incorporating vision-based process monitoring systems based on cameras, both
visible and infrared. Such cameras are excellent choices for gathering spatial and
thermal information. However, these cameras yield large amounts of data. Feedback
systems based on camera data are often slow due to the computational overhead
originating from the need for massive data processing. For a fast and dynamic process
such as BPD, incorporating camera-based feedback systems is still a challenging
problem. However, vision-based sensing is still viable with analog high-speed sensors
such as photodiodes and pyrometers. Due to the low-resolution aspect of these
sensors, decoupling complex concurrent phenomenon can be challenging. There is
a need for capturing such sensor data under various known conditions to establish
process signatures.

In this section, the fabrication of AISI 316 stainless steel thin wall structures using
BPD under the influence of two closed-loop feedback systems is discussed. Stainless
powder in the particle size range of −100/+325 mesh was used to perform the
deposition. A 1 kW fiber laser with a wavelength of 1064 nm was used in combination
with a CNC worktable to perform these depositions. The CNC deposition system
involved the use of stepper motors to achieve actuation. The process of micro-
stepping was used to achieve smooth motion during deposition.

A FLIR A615 thermal infrared camera was used to monitor the deposition process.
The A615 is a longwave infrared camera, which involves the use of micro-bolometers
as the sensors. It is sensitive to infrared light in the spectrum range of 7.5–13.5 μm.
The camera has a maximum resolution of 640 × 480 pixels. Under the calibrated
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conditions, the camera is capable of sensing temperature up to a resolution of 50 mK.
The lens used for the current set of analyses had a field of view of 25◦. The camera
was capable of reaching a frame rate of 200 frames per second.

Pan’s feedback systems were used during these depositions. These systems can
be classified as an energy management system and a height control system. These
systems have been proven to successfully fabricate thin wall structures that met the
design requirements [30]. Incorporation of these control systems facilitated near
constant bead thickness, reliable material build, and good surface quality. Deposits
fabricated with and without the influence of these control systems are shown in Fig.
22.2. The deposit fabricated under the influence of the control systems is visually
better and has more consistent geometric features. The surface roughness was also
better when fabricating under the influence of the control systems. The logic and
setup of these control systems are discussed in sections below.

22.2.1 Energy Management System

From Planck’s law, the spectral radiance of a black body at a constant temperature can
be analytically modeled. The spectral radiance of a black body at a given wavelength
can be calculated from Eq. (22.1).

Bλ (λ, T ) = 2hc2

λ5

1

e
hc

λkBT − 1
(22.1)

Fig. 22.2 Thin wall deposits fabricated without (left) and with (right) the control of feedback
systems
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Where, Bλ(λ,T) is the spectral radiance observed at a wavelength λ, T is the
absolute temperature of the blackbody, kB is the Boltzmann constant, h is the Plank’s
constant, and c is the speed of light in the medium. From Wein’s law, the peak of
the spectral radiance curve occurs at wavelengths that is inversely proportional to
the temperature of the black body. From these laws, it can be inferred that for a fixed
shape and fixed thermal gradient the total spectral radiance in a given spectral range
should be fixed. The energy management system monitors and attempts to control
this radiance. This control is expected to indirectly correlate with the melt pool. In
order to maintain the required radiance value, the system manipulates the input power
during deposition. In case the measured radiance value is high, the control system
drives the power down and vice versa. The logic flow of the energy management
system is shown in Fig. 22.3.

While the radiance of the deposition site was monitored, the significance of the
numerical value was not analyzed as a part of this study and setup. There is merit
in understanding the contribution of each source, i.e., molten material and the just
solidified material. However, this requires a more specialized investigation which
goes beyond the scope of this work. For the current study, the optimized setting for
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Fig. 22.3 Flowchart detailing the workflow of the energy management system
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the energy management system was evaluated experimentally through trial and error.
The optimal condition was chosen based on the size of the high temperature region
during deposition. The outcome material quality was also inspected to ensure good
bonding between successive layers and no porosity.

22.2.2 Height Control System

For the purposes of distance measurement, triangulation methods are often used in
industrial environments using automation and vision-based sensing [31, 32]. The
process typically involves lasers and light sensors to calculate the distance between
two points. Extensions of this implementation have been used to even create 2D
and 3D topographic profiles. There is a benefit to using such implementations in
additive manufacturing. Monitoring build height enables reliable part fabrication
and in-process correction [33, 34]. A similar implementation was used in the current
setup as well. Instead of a laser-based setup, a temperature sensor based setup was
used for triangulation.

The height control system is used to monitor and control the building height
during BPD. The feedback system employs a non-contact temperature sensor to
keep track of the top of the deposit. This sensor was a dual color pyrometer procured
from WilliamsonIR. The camera was capable of measuring temperatures above
900 ◦C. Due to the dual color implementation, the pyrometer can bypass the issues
of emissivity variance. The system uses a temperature threshold to assess the material
buildup. The system employs a go/no go strategy to ensure the required build height
during deposition. The control system manipulates the motion system to go forward
when the intended buildup is attained and slows down or stops motion when the
material buildup is below the requirement. These decisions are taken along the
entire deposition tool path. A flowchart detailing the workflow of the height control
system is shown in Fig. 22.4.

The energy management system and the height control system work in conjunction
to facilitate reliable deposition during BPD. One of the biggest issues in BPD
that leads to problems during deposition is capture efficiency. In order to maintain
consistent layer thickness, the capture efficiency of the melt pool has to remain
constant. In case the efficiency is more than nominal, the material buildup will be
larger than the layer thickness. If the efficiency is lower than nominal, the buildup
will be lower than the layer thickness. The pileup of these differences will lead to
unsuccessful deposition. Under the right conditions, when the capture efficiency is
close to nominal and the right power, feed rate, and scan speed are set, the deposition
reaches a steady state and doesn’t need any intervention.

Typically, the right deposition conditions are evaluated using a lengthy and
expensive design of experiments study. However, in this case, the energy management
system and the height control system can be used to tune the machine settings
and obtain the right deposition parameters. While identifying a domain of viable
parameters settings is made easy, picking the best setting by visually inspecting the
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Fig. 22.4 Flowchart detailing the workflow of the height control system

deposit quality is not optimal. The complex interaction of the energy management
system and height control system could lead to largely varying thermal conditions
which could lead to inhomogeneity in material properties [10, 35, 36]. While many
factors influence the material properties, thermal history can be considered as one of
the most influential factors. Using thermal cameras to capture and analyze thermal
history during deposition could serve as an evaluation tool to pick the appropriate
process parameters.

A schematic drawing of the deposition setup is shown in Fig. 22.5. The IR camera
was oriented normal to the deposit in order to capture the deposition process from
a front view perspective. In this orientation, the camera is capable of recording a
longitudinal view of the active region during deposition. The IR thermography is
a surface measurement technique and does not provide insight into the variation of
these measurements along the thickness of the deposit. The temperature gradients
beneath the surface cannot be measured using this technique.

The variation in the total area of the high temperature region was used as a metric
to assess the influence and difference with varying control system parameters. The
high temperature region was defined as the region whose radiance is above a threshold
value. The chosen threshold was set to the value corresponding to a temperature of
50◦ lower than the solidus temperature of 316 stainless steel. This was supposed to
imply that the area on the deposit meeting the threshold criteria would constitute the
material that had just solidified. However, that is not the case. The above equations
and discussions pertaining to radiance are limited to that of a black body. In reality,
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Fig. 22.5 Schematic side
view diagram illustrating the
setup of the feedback systems
on the BPD system

Energy 

management 

system

Height control 

system

Laser

Deposit

CNC work table

IR camera

most materials do not behave like a black body. Their radiance at a given temperature
is a partial fraction of that of a black body at a similar temperature. These bodies
are referred to as grey bodies. The radiative powder (W) from a grey body at a
temperature (T) with a surrounding temperature (Tc) can be defined as Eq. (22.2).
This equation, the Stefan–Boltzmann Law, is obtained by integrating the Plank’s law
for all wavelengths. Emissivity (ε) is used to account for the lower radiation values
of grey bodies. The value of the emissivity for grey bodies falls between 0 and 1.
The “σ” is the Stefan–Boltzmann constant.

W = εσA
(
T 4 − Tc

4
)

(22.2)

The infrared cameras measure the radiative power given off a grey or black body.
Under the right setup conditions and setup calibration, these power values can be
processed and interpreted as temperatures. Multiple sources contribute to the total
radiative power value measured by the IR camera (Wcamera). The breakdown of
different sources contributing to the total radiative power measured by the IR camera
is shown in Fig. 22.6. The body of interest, hot body, is shown in red. The temperature
of the hot body is THB. The emissivity of the hot body is ε. The black body radiative
power from the hot body is WHB. The reflected temperature is TRT and the radiative
component is WRT. The atmospheric temperature is Tatm and the radiative power
component is Watm. The transmissivity of the atmosphere is τ . The makeup of the
total radiative power as measured by the IR camera is expressed as Eq. (22.3). The
emissivity and transmissivity values are used to decouple the radiative power values
measured by the camera. The decoupled power components are used to estimate the
absolute temperature values.

Wcamera = ετWHB + (1 − ε) τWRT + (1 − τ) Watm (22.3)
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Fig. 22.6 Illustration demonstrating the breakdown of the total radiative powder measured by the
IR camera

These power measurements are also influenced by the setup conditions and
are sensitive to the range of temperature under study. The calibration of the
camera and measurement setup is therefore essential for obtaining true temperature
measurements. The complexity and sensitivity of the calibration and setup process
make it challenging to obtain true temperature values. However, these challenges
are minimized when used for purposes of differential thermography. The analysis
discussed in this chapter involves the use of differential thermography and not
absolute temperature measurement. A calibrated setup is doable in cases where the
range of measured temperatures is small and the emissivity values are also known.
However, the emissivity values for a given material are subject to change with
temperature, wavelength, and phase change. Typically, the emissivity of metal drops
when a phase change happens from solid to liquid state. This is attributed to the rise
in reflectivity of the molten material. The same is true for the case of 316 stainless
steel. In the case of BPD, the range of temperatures seen is very large and the process
also involves phase change. Adding to this complexity, depending on the setup, the
region of interest can be moving with the field of view. By the definition set for the
high temperature region in the above paragraphs of discussion, this region could
include portions or all of the melt pool. Further discussion on the constitution of the
high temperature region will be continued in the next sections of the chapter.

22.2.3 Variation in the High Temperature Region

The deposition of 25 mm × 25 mm 316 stainless steel thin wall structures under the
control of feedback systems for different powder feed settings was monitored using
the IR camera. For a fixed threshold value on the energy management system and
layer thickness, the deposition was performed at three different powder feed settings.
A powder feed rate of 10, 30, and 50 gm/min was used for deposition. Argon gas
was used to shield the deposition from oxidation.

A snapshot of the BPD process during the fabrication of a thin wall 316 stainless
steel structure is shown in Fig. 22.7. This was generated using a false color rendering
to realize the variation in temperature, where purple indicates the lower end of the
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Powder feed tube
High temperature region

Deposit

Fig. 22.7 Infrared thermograph of BPD of 316 stainless steel captured from a front view
perspective. The green color represents the high temperature region

data and yellow indicates the higher end of the data. The deposit and powder feed
tube can be seen within the picture. The thermal data was processed to identify the
pixels that met the threshold criteria for the high temperature region. The pixels
corresponding to the high temperature region are highlighted in green as shown in
Fig. 22.7.

During deposition, the height control system checks to ensure sufficient material
buildup. In case the required level was not reached, the control system slows down
or stops the movement. By doing so, the material deposition is continued in the same
location and when the required material buildup is attained the deposition system
moves on to the next position along the tool path. In situations where the worktable
is slowed down or stopped, continuous heating by the laser in the same location
leads to heat retention. This can lead to slower cooling rates and in extension weaker
material. These issues are supposed to be eliminated through the intervention of
the energy management system. In cases of heat buildup, the energy management
system lowers the power of the laser and attempts to mitigate heat retention. While
this is the expected outcome from the control systems, the final outcome needs to be
investigated. Typically destructive testing is employed to draw estimations of cooling
rate and heat retention during deposition. However, with the IR camera incorporation,
the size of a high temperature region can be monitored to more reliably visualize and
optimize the deposition process. The evolution of the size of the high temperature
region for each of the powder feed settings can be seen in Fig. 22.8.

From Fig. 22.8, there is a definite variation in the total area of the high temperature
region with varying powder feed rate. At the lowest powder feed rate of 10 gm/min,
the overall trend in the area of the high temperature region was found to be increasing.
However, as the powder feed rate was increased, say for 30 gm/min, the overall
value of the high temperature region was substantially reduced. However, steep
rises and drops similar to those seen in the case of 10 gm/min still persisted. Upon
further increasing powder feed rate to 50 gm/min, the overall area value stayed more
consistent and the rises/drops in the values were also reduced. Among the considered
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Fig. 22.8 Variation in the total area of the high temperature region during BPD with varying
powder feed (P.F.) rate

powder feed rates, 50 gm/min yielded the most consistent values for the area of the
high temperature region.

The overall rise in the area of the high temperature region for the 10 gm/min
feed rate was suspected to be the intervention of the height control system. Due to
the lower powder feed rate, meeting the requirements for material buildup would be
slower in the case of 10 gm/min when compared to 30 and 50 gm/min feed rates.
This implies that when the height control system slows down the deposition, there
is a rise in heat retention. While the energy management system does lower the
power, its intervention is insufficient in avoiding the overall increase in the area of
the high temperature region. With the increase in powder feed rate to 30 gm/min,
the intervention of the height control system seems to have been reduced and this
is reflected in the total area data. However, the energy management system is still
not entirely successful in eliminating issues of heat retention. This suggests at this
powder feed value, the issue could be from cumulative error. The control system is
suspected to be unable to sense minute differences in the material buildup. These
differences can stack up over layers and warrant intervention from the height control
system. In that instance, while there is a rise in the total area of the high temperature
region, the intervention of the energy management system is successful in bringing
down the overall value. The power feed rate of 50 gm/min appears to be near optimal.
The control systems managed to keep the area of the high temperature region near
consistent. Therefore, the optimal powder feed setting among the three settings was
concluded to be 50 gm/min.

While deposits made at all the powder feed settings met the required geometric
criteria, without the IR camera monitoring, the influence of the control systems would
have been challenging to analyze. The analysis of the area of the high temperature
region led to valuable insights into the process. However, further dissection of the
thermal data is possible. The variation of the emissivity values caused by phase
change can help break down the thermal data into the just solidified region and melt
pool region.
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22.3 Melt Pool Identification

The emissivity of the solid 316 stainless is higher than the emissivity of the liquid
phase [23, 37]. Also, the emissivity of 316 stainless with an oxidized surface is
higher than that of one with a shiny metallic finish. Therefore, from Eq. (22.3), at
solidus temperature, the radiation from the melt pool in BPD will be lower than the
radiation from the solid metal. If the pixels corresponding to solid and liquid weren’t
identified and the appropriate emissivity values were not assigned, the temperature
measurements from the IR camera can be misleading. For example, if the emissivity
for the entire field of view in Fig. 22.7 was set to 0.95, the pixels corresponding to
the melt pool would appear colder than the material at solidus temperature. While
this, in reality, is not true, this phenomenon can be leveraged to identify the pixels
constituting the melt pool.

In an image, a sharp difference in contrast stemming from differences in details is
referred to as an edge. By employing edge detection techniques, the pixels in the IR
image corresponding to the melt pool could be identified. Since 316 stainless steel is
not a eutectic composition, it has a freezing range. Over this range of temperatures,
the material gradually transitions from solid to liquid and it is referred to as mushy
zone. In BPD, a vague boundary can be seen between the completely liquid phase
and the completely solid phase. However, due to the low magnification and resolution
of the IR camera (640 × 120) in the current setup, resolving this fuzzy boundary is
not expected to be feasible. Therefore, a step-like transition from solid to liquid and
vice versa is expected. Due to this lack of distinction between melt pool and mushy
zone, from here on the melt pool and the mushy zone are collectively referred to as
the melt pool.

eJust solidified region > eMelt pool+mushy zone > eAmbient region (22.4)

WJust solidified region > WMelt pool+mushy zone > WAmbient region (22.5)

Figure 22.9 shows a schematic representation of the boundaries formed during
deposition and the comparison of the emissivity values. Boundaries in Fig. 22.9
indicate the edges that are possible due to the emissivity differences. Due to the
variation in emissivity values, the effective radiative power values and thereby the
calculated temperature values also vary and follow the same trend. The effective
radiative power is the power value as measured by the camera. The descending order
of emissivity and radiative power values are shown in Eqs. (22.4) and (22.5). Through
edge detection, these characteristic regions such as the Just Solidified Region (JSR)
and the melt pool can be identified. The presence of these differences can be
realized by performing a discrete thermal gradient analysis across the horizontal
and vertical directions of the thermograph. The peaks observed in these gradients
were expected to bear correlation with the transitions in the material’s emissivity
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Fig. 22.9 An illustration of boundaries between different regions of interest and corresponding
differences in emissivity

values. The evaluated vertical and horizontal gradients of temperatures (Fig. 22.7)
during deposition are shown in Figs. 22.10 and 22.11. The equations used to calculate
the discrete gradient are Eqs. (22.6) and (22.7). xi, j represents the pixel value in the
(i, j) positions of an image.

Discrete gradient in y = xi,j − xi,j−1 (22.6)

Discrete gradient in x = xi,j − xi−1,j (22.7)

Figure 22.10 indicates peaks in the discrete vertical gradient of thermal data
from Fig. 22.7; these peaks are expected to represent the vertical transition from
the ambient region to deposit. Peaks around the melt pool can also be noticed.
Figure 22.11 depicts the discrete horizontal gradient of the thermal data from Fig.
22.7. The peaks in this plot are expected to show the horizontal transitions from
the ambient region to deposit and vice versa. The transitions around the melt pool
can also be seen in this gradient plot. Laplace edge detection technique was used
to isolate the location of these transitions in the deposit. Standard functions from
python libraries were implemented to identify these edges. The foreseen edges were
captured after a series of smoothing, gradient and edge detection operations. The
detailed implementation of processing is presented below.
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Fig. 22.11 Peaks occurring around the melt pool and the top edge of the deposit in the surface plot
of the discrete gradient of the thermal data along the horizontal direction
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1. Moving median
Figure 22.12 shows a false color rendering of the output generated after applying
a moving median filter. The iron color palette was chosen for rendering, where
black is the lowest value and white is the highest value. The moving median was
performed by picking the median values among every five consecutive frames.
The moving median operation was expected to remove powder particles, oxidation
flashes, and Johnson noise. Equation (22.8) details the moving median operation.
The xi, j, t is the pixel value at the (i, j) position in an image acquired at time t.
mxi, j, t is the median value gathered across pixels in the same position across five
consecutive time steps. This median data was used for further processing.

mxi,j,t = Median
(
xi,j,t−5, xi,j,t

)
(22.8)

2. Gaussian blur and Laplacian transform
A function to perform the Gaussian blur and the Laplace transform (see Eq.
(22.9)) was implemented on data outputted in the previous step. The Gaussian
blur minimizes spatial noise across the pixels of the image. This operation is
necessary since the second derivative operations are very sensitive to noise.
Typically these operations are implemented through convolution operations with
pre-calculated kernels. The output image is shown in Fig. 22.13. This data from
here on is referred to as LoG (Laplacian of Gaussian).

A more localized search was then performed by limiting the search domain to
the region inside the deposit boundary. A search for edges with a lower threshold
yielded the melt pool boundary solidified region. The processed image with melt
pool (red), just solidified region (yellow), and the deposit boundary (blue) shown
in Fig. 22.15.

Fig. 22.12 False color image post moving median operation

Fig. 22.13 Spatial variation in double discrete deviate of the thermal data from Fig. 22.12
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L (x, y) = ∂2I (x, y)

∂x2
+ ∂2I (x, y)

∂y2
(22.9)

3. Edge detection
The LoG data was analyzed for identifying edges, and an appropriate threshold
value was set to eliminate noise and capture only the most significant changes.
The presence of an edge is realized as a zero crossing in the LoG data. A change
in sign across consecutive pixels was used to identify these zero crossings. The
edges that were identified are shown as a binary image (see Fig. 22.14). The site
of an edge was set as 1 and the rest were set to zero. The identified boundaries
were found to be those of the deposit and the powder feed tube. While the deposit
boundaries were easily identified, the melt pool boundaries were not captured. The
transitions corresponding to the melt pool boundary were not substantial enough
to meet the set threshold. Thereby the melt pool boundary was not captured at
this stage.

Implementing the above steps of image processing led to the generation of data
which are visualized in Fig. 22.16 for better understanding. Figure 22.16 shows the
first layer of the deposition before the steady state was obtained. As discussed in
the previous section, the variation in the just solidified region is substantial before
steady state was achieved. This expected due to the intervention of the control
systems. Figure 22.17 show snapshots from during deposition after steady state was
achieved. The size of the melt pool and the just solidified region remained almost
constant post steady state.

Fig. 22.14 The edges of the deposit and powder feed tube (red)

Fig. 22.15 The melt pool (red) and just solidified region (yellow) boundary of the deposit (sky
blue)
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Fig. 22.16 The first layer of deposition, melt pool (white), just solidified region (yellow), and
deposit boundary (red), left to right progression in the deposition

Fig. 22.17 Melt pool (white), just solidified region (yellow), and deposit boundary (red) after a
steady state was achieved by the control system, left to right progression of deposition

Fig. 22.18 Illustration of
thin wall substrates used for
line scan depositions

Substrate 

Height of 
thin wall 

Length of thin wall 

22.3.1 Sensitivity and Repeatability

In order to assess the sensitivity of this technique, depositions on substrates machined
to the shape of thin wall structures were analyzed. These substrates were machined to
have different lengths and heights of the thin wall structure. The shape of these thin
wall substrates is defined in Fig. 22.18. These experiments involved four layers of an
end to end deposition on each of the substrates. These depositions were monitored
using the IR camera to capture the thermal history. To simplify the complexity of
the process, these depositions were carried out without the control of the feedback
systems.

The analysis of IR data from these deposits indicated a definite impact of substrate
length and thin wall height. This influence was theorized to be a consequence of
different degrees of heat retention. The difference in heat retention was attributed
to the difference in the size of these thin walls and the resulting differences in
conduction losses. Larger sizes of high temperature regions were seen on substrates
with a smaller length. Due to the small track length, heat retention was observed to
be prominent. On the other hand, the deposits with low thin wall heights showed very
small sizes of melt pool and just solidified region. The close proximity of the melt
pool to the substrate due to the small height of the thin wall leads to low levels of heat
retention and in extension small sizes of melt pool and just solidified regions. The
analysis of thermal data from deposits on substrates with taller thin walls was also in
agreement with this conclusion. Due to the large thin wall heights and distance from
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Fig. 22.19 Variation in areas of just solidified regions and melt pool on a thin wall substrate

the substrate, the heat retention was observed to be significant. Consequently, the
total area of the melt pool and just solidified region were observed to be substantially
higher. These subtle differences in sizes of melt pool were registered and identified
using this monitoring methodology. Analysis of replications of these depositions
yielded similar conclusions reliably [38].

The rise and drops in the total area of the high temperature region seen in Fig.
22.8 were attributed to the rise in heat retention. These fluctuations are suspected to
be the consequences of thin wall geometry. At the edges of the thin wall, the total
area of the melt pool was observed to increase. This phenomenon was observed to
be more prominent with increasing heat retention. At the edges, due to the localized
heating of BPD, an increase in the size of the melt pool resulted in a corresponding
decrease in the size of the just solidified region. However, the overall high temperature
region was seen to increase. Previously, this observation was not apparent from only
monitoring the high temperature region from the temperature data. Identification of
melt pool data is necessary to understand the complete picture during BPD. The
variation in the area of the regions of interest is shown in Fig. 22.19.

22.4 Conclusions

Acquisition of thermal history through an IR camera was identified to be a viable
method for monitoring blown powder deposition process. A methodology was laid
out for qualitative analysis of the thermographic data acquired from the IR camera.
Monitoring the total area of the material meeting a temperature based criterion was
found to be instrumental in assessing the influence of closed loop feedback systems.
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An image processing methodology based on edge detection was developed to
analyze the IR data. The difference in emissivity values of the solid and liquid
phases of metal resulted in sharp changes in the IR data. Edge detection techniques
were used to successfully identify these phase transitions. Identification of these
transitions led to successful identification of the melt pool.
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