
Optical Emission
Spectroscopy during Wire

and Arc Additive
Manufacturing

Gautham Mahadevan
4794443

Department of Materials Science and Engineering
Faculty of Mechanical Maritime and Materials Engineering

Thesis Committee:
Prof. Dr. ir. Marcel Hermans

Dr. ir. Wei Ya
Prof. Dr. ir. Vera Popovich
Prof. Dr. ir. Erik Offerman

Prof. Dr. ir. Constantinos Goulas

Delft, September 23, 2020





Abstract

Additive Manufacturing (AM) has been identified to be a key technology in the ‘third in-
dustrial revolution’ - a new wave of manufacturing technologies characterised by functional
software, flexible robots, and a range of digitized services that addressed the limitations of
traditional casting and milling based subtractive manufacturing processes. Wire and Arc
Additive Manufacturing (WAAM) is one such AM technique that is used to produce metal
components that are near net shape. Mechanical testing, failure analysis and microstructure
investigation of the finished component is done only after it is fully built. Building defective
parts increases the material usage, power consumption, build time, and overall cost of pro-
duction. Thus, real time detection of process and product anomalies not only saves money
and material but can also improve the mechanical properties of the printed component.

One such monitoring technique is Optical Emission Spectroscopy (OES), where the elec-
tromagnetic radiation emitted by the plasma arc in the printing process is used to characterize
the processing conditions of the WAAM environment. Although OES has been used for qual-
ity control in arc welding as well as powder-based AM processes, there has not been any
previous study directly focused on the use of OES to study the WAAM process. Monitoring
systems require a robust setup that can collect reliable and repeatable data, if it is to be
used for quality control. Although OES is a feasible method to study arc radiation, there
is currently no application of this technique in a reliable monitoring system for commercial
application.

The goal of this study was to develop an OES based monitoring system for the WAAM
process. The monitoring system consisted of an experimental setup designed to collect reli-
able optical emission data from the plasma arc using an optic fibre attachment to the WAAM
robot and a software system was designed to perform data analysis and post-processing of the
collected optical spectrum. The developed monitoring system was validated by performing a
series of experiments with different processing conditions (welding current, voltage, speed and
surface conditions) to investigate the potential correlations among them with the detected
optical spectrum. A peak characterization test was designed with different material combin-
ations to test the reliability of the emission peak matching algorithm that was developed. It
was followed by a ramping test where the heat input was incrementally increased to study the
correlation with the processed OES signals. The final experiment was an anomaly detection
test where the OES data was used to characterize the presence of an artificially deposited
ceramic anomaly on the base plate that simulated the presence of an impurity. Secondary
investigation techniques like optical microscopy, a high-frequency V-I sensor and a high-speed
camera footage was used to validate the OES observations. The results of these experiments
showed the feasibility of OES based monitoring systems for WAAM. However, the obtained
results were not always consistent and the system requires further research before it can be
used for reliable quality control of the WAAM process.
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Chapter 1

Thesis Outline

1.1 Background

The evolution of industrial manufacturing relies on innovation in processes, materials and
product design. The manufacturing industry traditionally used subtractive manufacturing
(SM) techniques to build parts. SM is a top-down approach that successively removes mater-
ial from a solid block of metal. In most cases the larger block of material is made by casting
and then further cut and milled to remove the excess. Additive Manufacturing (AM) was
identified to be a key technology in the ‘third industrial revolution’ - a new wave of manufac-
turing technologies characterised by functional software, flexible robots, new processes, and
a range of web-based services that addressed the limitations of subtractive manufacturing.
AM is a term to describe a class of processes that uses a layer-additive approach to design
and construct parts, and utilize different heat sources like a laser, plasma arc or an electron
beam. They are an extension of rapid prototyping processes that use a bottom-up technique,
comparable to stereolithography and welding repair techniques. The metallic AM integrates
these rapid prototyping techniques with principles from Computer Aided Design (CAD). The
automation of the process enables manufacturers to build structural parts directly from CAD
data.
Wire and Arc Additive Manufacturing (WAAM) is a subcategory of AM. It uses a metal wire
as the feedstock, and an electric arc as the heat source, thereby combining both welding and
additive manufacturing techniques. Similar to Gas Metal Arc Welding (GMAW) and Metal
Inert Gas welding (MIG), the process utilises a welding torch, a power source, metal wire,
and a shielding gas. It also has either a robotic system or a gantry system that controls the
movement of the torch to build functional products that are near net-shape.
Mechanical testing, failure analysis and microstructure investigation of the components built
with WAAM is done only after it is fully built. Building defective parts increases the material
usage, power consumption, build time, and overall cost of production. Thus, real time mon-
itoring and detection of process and product anomalies not only saves money and material
but can also improve the quality of the part. Necessary interventions and repairs can be in
place to prevent the defective build.
Optical Emission Spectroscopy (OES) is one such monitoring technique that can be used to
characterize the temperature and composition of a system by detecting the optical emission
radiating from it. In this study, it was used to characterize the plasma arc that was created
in the welding process.
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This study focuses on developing a reliable OES based monitoring system to study the WAAM
process. This study focuses on understanding the physics of the plasma arc and correlating
the detected optical emission from the arc to processing conditions like current, voltage and
travel speed. This correlation is studied with the help of a self-programmed software that
processes the collected optical spectrum and visualizes the processed signal. The research
objectives of the study are:

• To study the potential of developing a reliable OES based quality control and monitoring
tool for WAAM,

• To design a reliable experiment setup and software tools to process optical spectrum
data from the plasma arc,

• To validate the reliability of the setup and software by analysing data from different
processing conditions,

• To investigate the correlation between the collected spectrum and the processing con-
ditions and weld characteristics.

1.2 Thesis outline

This thesis presents, in Chapter 2, a general background of some essential concepts, as well
as an overview of relevant literature. It details the evolution of manufacturing systems and
introduces Wire and Arc Additive Manufacturing (WAAM). The mechanism of the process
and its limitations are detailed. The limitations of existing monitoring systems are presented
and Optical Emission Spectroscopy is introduced as a potential monitoring system for the
quality control of the WAAM process.
Chapter 3 provides a theoretical background of the metal transfer mechanisms used in the
WAAM process. It presents a brief overview of plasma physics and introduces the concepts
of local thermodynamic equilibrium. The equations and laws governing the plasma state are
presented to explain the basis of the spectroscopic characterization techniques used in this
study.
Chapter 4 presents the scientific approach and the materials used in the study. It details the
WAAM experiment setup and explains the self-programmed software that is used to imple-
ment the post-processing algorithms on the spectroscopy data. Spectrometer optimization
tests are detailed for optimum positions and observation angle. The experiment setup and
developed software are validated by testing them on different experimental processing con-
ditions. The setup for the peak characterization test, heat input ramping test and anomaly
detection test are presented.
Chapter 5 presents the results of all the experiments detailed in chapter 4. The processed
optical spectrum data is visualized using the developed software and correlations between the
OES data and experimental processing conditions are elaborated. For the anomaly detection
test, secondary investigation techniques like optical microscopy, high-frequency V-I data and
high-speed camera footage is used to validate the OES results.
Chapter 6 presents a summary of the thesis and the conclusions of the study. It also details
the possible future directions that can be further researched.
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Chapter 2

Literature Survey

2.1 Evolution of Manufacturing Systems

The evolution of industrial manufacturing relies on innovation in processes, materials and
product design. The manufacturing industry traditionally used subtractive manufacturing
(SM) techniques to build parts. SM is a top-down approach that successively removes mater-
ial from a solid block of metal. In most cases the larger block of material is made by casting
and then further cut and milled to remove the excess. [1].
Maritime, structural and aerospace manufacturing sectors have regulated standards for product
and process quality. They require functional, high integrity engineering products in low
volumes, small product development cycles, and shorter production times [2]. With an in-
creasing demand and investment, there was a need to create alternatives to SM with easily
upgradable production systems where new technologies and functions could be readily integ-
rated. These alternatives needed to have the following features [3]:

• Reduce the time needed to design, build or reconfigure a manufacturing system to
ramp-up to full capacity, high quality production (Rapid prototyping and production),

• Increase the variety in the products that can be manufactured (Design freedom),

• Increase flexibility to manufacturing fluctuating production volumes (Production free-
dom),

• Reduce the cost of production (lead time, material efficiency).

In addition to material and process considerations, metal manufacturing processes have a
significant environmental burden associated with it. Manufacturing processes consume non-
renewable resources in the form of metal ores and fossil-oil derived fuels. They are also energy
intensive and release solid, liquid and gaseous waste that pollutes the environment when it is
not disposed properly [4].

It can be inferred that traditional manufacturing systems are limited by their lack of
flexibility and inefficiency with respect to material, energy and time. Although the literature
identifies the limitations of SM, it only provides a framework for designing new manufacturing
systems and does not always offer a replaceable solution.
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2.2 Additive Manufacturing

Additive Manufacturing (AM) was identified to be a key technology in the ‘third industrial
revolution’ - a new wave of manufacturing technologies characterised by functional software,
flexible robots, new processes, and a range of web-based services that addressed the limitations
of subtractive manufacturing [5].The global investment in additive manufacturing technology
has seen a near exponential rise, as shown in Fig 2.1.

Figure 2.1: Global AM market and Compound Annual Growth Rate [6]

Metallic AM is a term to describe a class of processes that uses a layer-additive approach
to design and construct parts, and utilize different heat sources like a laser, plasma arc or an
electron beam. They are an extension of rapid prototyping processes that use a bottom-up
technique, comparable to stereolithography and welding repair techniques. The metallic AM
integrates these rapid prototyping techniques with principles from Computer Aided Design
(CAD). The automation of the process enables manufacturers to build structural parts directly
from CAD data [7].
In the manufacturing industry, the ‘buy-to-fly ratio’ (BTF) is defined as the weight of raw
material divided by the weight of the final component. This index is a measure of how efficient
and material intensive a manufacturing process is. For subtractive metal manufacturing
processes, the BTF ratio can go as high as 20 [8]. High BTFs are seen in processes where a
lot of variables influence the quality of the final part. The metallic AM processes are observed
to have a much lower BTF ratio of around 1.2 [9].

2.2.1 Rapid Prototyping and Rapid Manufacturing

Rapid prototyping (RP) is a technique used to quickly fabricate a scale model of a physical
part or assembly using three-dimensional CAD data. Commercial RP systems have been used
by manufacturers as a tool for design verification in various industries like medical, automot-
ive and aerospace. Traditionally, design prototyping was done using methods like casting,
machining and injection moulding. With the development of sophisticated software, RP sys-
tems are now widely used for its shorter development cycles, higher geometric complexity and
customizability of production volume and design [10, 11]
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Figure 2.2: Schematic of Selective Laser Melting RP process [12]

RP systems use a layer additive approach to produce solid models by processing sheet,
powder or liquid material feedstock. RP systems take the 3D shape data of the compon-
ent and slice it into layers to generate a tool path. A heat source like a laser is used to
melt, agglomerate or sinter the raw material to make a solid representation of the designed
component. One such RP process is illustrated in Fig 2.2. RP systems are used as an as-
sessment of the 3 Fs of a design - Form, Fit and Functionality. These systems are also used
to manufacture moulds that are used in vacuum and investment casting. Apart from the
manufacturing industry, RP is also used in biomedical prototyping, where it sees application
in surgery rehearsal and prosthesis design. [13].

Although RP is a quick and inexpensive method for near net shape manufacturing and
design visualization, it does not show structural and mechanical functionality. Manufacturing
industries wanted to transition from simple prototypes to the direct production of finished
products. Increasing demand for cheaper products and new opportunities for engineering
design led to the concept of Rapid Manufacturing (RM). RM research was focused on man-
ufacturing metal components which addressed the functional limitations of RP as well as
injection moulding and subtractive manufacturing techniques [10].
RM allows geometric freedoms such as variable wall thickness and zero draft (no taper angle),
which is not possible in injection moulding. The additive processes used by this technique
will also allow for the manufacturing of functionally graded compositions or with embedded
electronics that can assist in the monitoring and control of the process. It is to be noted
that RM does not offer a good surface finish and thus the component has to undergo post
processing to remove surface roughness [14].
The benefits of RM outweigh its limitations and was thus seen as a promising technique for
the fabrication and production of functional metallic models that can be used directly as
finished products or components [15].
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2.2.2 Metallic AM

Metallic AM processes are categorized based on the form of raw material used - powder-based
(blown or laser bed) and wire-based techniques. In the powder laser bed technique, a laser
is focused on a powder bed which selectively fuses layers of the CAD model until the whole
part is built. Another technique involved blown powder or a metal wire as the feedstock that
forms a melt pool due to a laser or electron beam heat source. In this process, metal layers are
formed upon solidification of the molten metal. These AM processes can also be categorized
based on their heat source - into arc, laser and electron beam AM. The choice of heat source
depends on the desired deposition accuracy, efficiency and build rate of the process [16]. Fig
2.3 illustrates the classification of metallic AM processes.

Figure 2.3: Classification of AM systems [17]

Although powder based techniques can produce near net shape products with desired mech-
anical properties, it has a number of limitations that make it unsuitable for widespread
commercial use. These limitations can be summarised below:

• Low build rate, high cost and is limited by the size of the operating chamber [18]

• Metal powders have low capture efficiency between 20-30 percent that results in energy
wastage [19]

• They have lower densities and require post processing like isostatic pressing to get higher
densities and better mechanical properties [20].

• Metal powders are susceptible to contamination from carbon, hydrogen, nitrogen and
oxygen resulting in low quality, defective parts [21]

• Metal powders are harder to recycle compared to metal wires [22]

• Laser sources have a poor energy conversion of 10 percent, which is exacerbated by the
high reflectivity of metals which making Copper and Aluminum parts [23, 24]
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Numerous studies have been done comparing the quality of products made from the dif-
ferent forms of raw material. It is seen that a coaxial powder feeding combined with a lateral
wire with the same laser heat source results in an increase in deposition efficiency and also
contributes to a better surface finish [25]. Another study investigated powder and wire feed-
stock separately by building two walls with a height of four layers. It is seen that a wire
source has a greater deposition efficiency. The wire source also had a less perturbed melt
pool, which led to a better surface finish and lesser microstructural imperfections [26].
These studies concluded that a wire feed source was better than metal powder in RM pro-
cesses. Similar studies were done to investigate the effect of the heat source in the process.
While a laser heat source was effective on metal powders, they showed limited application on
a wire source. These limitations can be summarized below:

• The energy absorption coefficient of the wire is inhomogeneous and results in an ineffi-
cient energy coupling between the laser and the material [27],

• The tension of the wire is not uniform and thus causes vibrations and bending that
perturb the melt pool and result in a poor surface finish [28],

• Automation of the process is hindered by the high sensitivity of the wire orientation
with respect to the laser [28],

• Excessively high dilutions are observed, with a nearly 15 percent difference between
wire and powder sources [29].

These limitations indicated that although a wire feed source was superior to the available
alternatives, an alternate, cheaper and more automatable heat source was needed. Researchers
investigated the possibility of modifying arc welding processes like Gas Metal Arc Welding
(GMAW) and Gas Tungsten Arc Welding (GTAW) to produce near net shape products that
had superior mechanical properties and had the potential of manufacturing engineering parts
with high structural integrity and low costs. Wire and Arc Additive Manufacturing was such
a process that addressed the limitations of laser-based solid freeform fabrication techniques
and had the potential for widespread adoption.

2.3 Wire and Arc Additive Manufacturing

Wire and Arc Additive Manufacturing (WAAM) is a subcategory of AM. It uses a metal wire
as the feedstock, and an electric arc as the heat source, thereby combining both welding and
additive manufacturing techniques. Similar to Gas Metal Arc Welding (GMAW) and Metal
Inert Gas welding (MIG), the process utilises a welding torch, a power source, metal wire,
and a shielding gas. It also has either a robotic system or a gantry system that controls the
movement of the torch to build functional products that are near net-shape [30].
The end of the 20th century saw an increase in the research and development of new manu-
facturing technologies that could be used as alternatives to SM. Though the term Additive
Manufacturing has been in use only in the last 20 years, it was known by different names
like solid freeform manufacturing, shape welding, shape melting, rapid prototyping and 3D
welding.
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2.3.1 History of WAAM

The first advancement in WAAM was a patent was filed for the superposed deposition of
metal using a fusible electrode. Successive adjacent beads were deposited in a layered manner
by means of a consumable electrode in a shielded arc welding process. It was made for
ornamental purposes and did not have any industrial application [31]. This patent spurred
further investigation to improve the functionality of the final product and still be economically
viable. An early version of WAAM was used in the cladding of retorts, which needed to be
operated in a high temperature environment susceptible to oxidation and corrosion [32]. This
patent was the first to identify the importance of process monitoring and the effect it had on
the mechanical properties and microstructure of the final part in WAAM.

The process saw further development when a method to fabricate thick-walled circular
pressure vessels was patented [33]. This process had a higher deposition rate for a fraction of
the cost of traditional SM processes that needed pressers, rollers and furnaces to be built. The
improvement of the mechanical properties of the product could be attributed to controlled
solidification and forced cooling and tempering due to progressive deposition. Numerous
experimental studies followed this in order to integrate this new technology into manufacturing
units capable of low cost mass production. In 1976 a method to fabricate large high quality
rotors for turbines and generators was published [34]. The author noted that homogeneous,
isotropic properties could be obtained with suitable process monitoring of heat input and
temperatures to ensure optimum operating conditions. Another study showed that high
volume parts could be fabricated in a tandem system with multiple welding heads and could
achieve a deposition rate of 20 kg/hr [35]. Mechanical and fracture testing of these WAAM
(then called shape welding) products showed superior ductility, tensile strength, toughness
and fracture resistant properties in comparison to products manufacturing by SM [36].

The end of the 20th century saw the development of the process facilitated by advancement
in computer technology. An online point-to-point program was used in tandem with GMAW
to deposit an unsupported wall in a layer additive technique. It also led to the creation of
the Initial Graphics Exchange Specification (IGES) format to optimize slicing algorithms of
the final part [37]. Advancements in speed, slicing algorithms and improved monitoring and
control paved the way for industrial adoption of WAAM for manufacturing metallic products
[38].

The literature indicates that WAAM initially did not seem like a promising manufacturing
technique that could replace casting and milling. However, the potential for automation was
recognized and research was carried out to improve the process. Process monitoring was
identified to be an important step towards improving the quality of the parts produced. More
sophisticated sensors, hardware and software to process large amounts of data has significantly
advanced our understanding of WAAM sub-processes and how materials behave. However,
only some metals were studied extensively and process controls that worked for one material
did not necessarily work for all due to different physical and chemical properties [39, 40, 41].

2.3.2 WAAM process conditions and workflow

Modern WAAM systems offer flexibility in path design, material choice, variation in process
parameters and customizable monitoring and control systems. This process begins with the
design of the required part to be built. A 3D CAD model of the desired part is input into
the AM software, which generates a series of 2D contours stacked on top of each other in
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layers. This constitutes the ‘tool path’, a set of directions followed by the welding torch to
deposit the metal. The wire feed speed (WFS)/ welding current, welding voltage, welding
speed, interlayer temperature and interpass time are known as the process parameters and
control the process. They are decided based on the wire material, the desired microstructure
and mechanical properties of the final part [30].
The first bead of metal is deposited on a substrate, followed by successive layers that are
deposited on top of each other. Post processing involves machining out the substrate followed
by the heat treatment of the final product to give a good surface finish and desirable mechan-
ical properties. Each of these steps can be broken down into sub-processes which contribute
to the quality of the final product [42]. A schematic representation of the WAAM process is
shown below in Fig 2.4.

Figure 2.4: Schematic of WAAM process [30]

2.3.3 Optimizing WAAM system

Though the operating principles of WAAM hasn’t changed, development of better hardware,
algorithms and sensing equipment resulted in improved monitoring and control systems for
process optimization.

Optimized slicing algorithms ensure that individual layers constitute parts of higher qual-
ity [43]. Modelling techniques have been investigated to optimize tool paths by considering
the thermo-mechanical cycles a material undergoes [44]. Process parameters have the most
significant effect on the surface appearance and material properties of the build. It is found
that increasing the inter-layer temperature increases the surface roughness and reduces the
build height in some cases [45]. Increasing the WFS decreases the stability of the arc and
melt pool thereby reducing the surface quality [45]. The microstructure of the build can be
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manipulated when rolling is done in conjugation with deposition [46].
It can be concluded, from reviewing these studies, that WAAM is a complex process with
many variables, all of which contribute to surface finish, material properties, microstructure,
and overall quality of the part.

2.4 Limitations of WAAM

Although WAAM addresses some limitations of subtractive manufacturing, its sub-processes
require further optimisation before it sees widespread adoption. Inhomogeneous heat input in
a dynamic solidification environment, where remelting, fluid flow, and material evaporation
occur concurrently can cause the formation of microstructural anomalies that affect the quality
of the final part [42]. Some of these anomalies are discussed below.

2.4.1 Cracking

Different physical factors and process parameters cause crack formation in the build. Gradi-
ents in surface tension caused by the movement of the melt pool can cause the formation
of surface cracks. Differences in thermal properties between the substrate and wire material
can create thermal gradients which leads to crack formation. These cracks are also formed
when there is a thermal gradient in the melt pool during solidification, and is also called ‘hot
tearing’. These thermally induced stresses can exceed the strength of the material at elevated
temperatures [47]. The presence of these defects depends on the materials used as well as the
melting trajectory of the melt pool and the thermal expansion coefficients. The mechanism
of crack formation is illustrated below in Fig 2.5.

Figure 2.5: Mechanism of crack formation [48]

2.4.2 Porosity

Porosity is a common defect found in AM parts and can occur across varying length scales.
It can be caused by trapped shielding gas surrounded by a solidifying melt pool. Another
mechanism called the Marangoni flow can occur, where a surface tension gradient along a
liquid interface causes gas retention bubbles within the melt pool leading to the formation
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of pores, as shown in Fig 2.6 [49]. The effect of scanning speed on porosity has also been
investigated by Meier et al. The study showed that a higher scanning speed creates a surface
with more roughness and fragmentation. Since a new layer is built on the rough surface of a
previously deposited layer, the build is more susceptible to the formation of entrapped defects
and melt pool instability. [50].

Figure 2.6: Porosity in WAAM [42]

2.4.3 Lack of Fusion

When the melt pool does not have sufficient energy, the inability to melt the metal particles
can cause a lack of fusion in AM parts. They are usually found along layer boundaries,
are irregularly shaped and often contain insufficiently melted metal particles. The dynamic
cooling environment of the melt pool can also cause the selective evaporation of some elements
which leads to a reduction in the density of the part. They form irregular pores when the
overlap between adjacent layers is not enough to create stable metallic bonding, as shown
in Fig 2.7. It is found that an increase in scanning speed results in a higher probability
to find these defects due to a decrease in the specific energy. Selecting appropriate process
parameters that are optimized for the materials used in the process can prevent the formation
of these defects [51].
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Figure 2.7: Lack of Fusion defect in AM [42]

2.4.4 Inclusions and Phase Instability

A chemical reaction between the deposited metal layer and shielding gas can result in the
formation of intermetallic particles like oxides and sulfides, as illustrated in Fig 2.8. These
inclusions can be upto 1 mm in size and have an effect on mechanical properties like fatigue,
fracture toughness and ductility [52]
Temperature gradients found in the melt pool causes spatial variations in the solidification
rate, which has an effect on the microstructure and phase stability. Variation in travel speed
also causes change in grain structure and the formation of metastable phases distributed in
the microstructure [53, 54]

Figure 2.8: Oxide inclusions in AM part [55]

The complexity of the process and the inhomogeneity of the observed defects are challenges
that need to be addressed in order to fabricate high quality structural parts. The presence
of these defects are strongly material dependant and originate from different sources and are
found in varying length scales. These inhomogeneities should be taken into consideration
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while designing process monitoring systems, where different kinds of process abnormalities
are able to be detected by different subsystems in real time.

2.5 Monitoring and Control

Mechanical testing, failure analysis and microstructure investigation is done only after a
component is fully built. Building defective parts increases the material usage, power con-
sumption, build time, and overall cost of production. Thus, real time detection of process
and product anomalies not only saves money and material but can also improve the quality of
the part. Necessary interventions and repairs can be in place to prevent the defective build.
Feedback based control systems have the potential to dynamically adjust process parameters
in order to build defect free parts [56].
These monitoring systems are based on the detection of a physical parameter that is known to
influence the formation of a defect, an thus implying that understanding the defect formation
mechanisms are important to design monitoring systems to avoid them. The following section
discusses some of these systems.

2.5.1 Thermal based monitoring

These systems utilize the detection of heat or temperature in order to monitor the quality of
the process. Infrared sensors have also been used to study the correlation between process
parameters and weld bead geometry [57]. Special pyrometers have been used to monitor
surface temperatures in order to be able to control the melting and solidification of the ma-
terial [40]. A Complementary Metal Oxide Semiconductor (CMOS) camera based monitoring
system was used to scan the shape of the weld pool in real time and fed into a FEM model
which predicts the shape and temperature of the clad layers [41]. Infrared camera detection
of process errors resulting from insufficient dissipation of heat has been used to identify pores
and fusion defects [58].

2.5.2 Electromagnetic signal monitoring

These monitoring systems detect electro-magnetic signals across different wavelength scales
to characterize process anomalies. A dual frequency electro-magnetic sensor was used to
evaluate the extent of dilution between the build and the substrate, and is illustrated in
Fig 2.9, where the sensor response varies with the extent of dilution [39]. Arc force, weld
width, and penetration have been studied as a function of welding current using 2D X-Ray
radiography [59]. 3D scanning cameras are also used to map AM builds and dynamically
adjust process parameters and deposition rate based on the geometric profile of previously
deposited layers [60].
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Figure 2.9: The differential dilution sensor response to continuous variation of laser cladding
dilution in real time [39]

Correlating the effect of process parameters on the quality of the process, both individually
and in tandem with each other, is an important feature of a monitoring system. The next
section of this study focuses on one such system which characterizes the light emitted from
the plasma arc in order to evaluate processing conditions.

2.6 Optical Emission Spectroscopy

In the last two decades, Optical Emission Spectroscopy (OES) has emerged to be a promising
technique to monitor additive manufacturing and arc welding processes. The electromagnetic
radiation emitted by the plasma arc is correlated with the processing conditions in order to
characterize a process or product. It has been used to characterize plasma in a variety of
manufacturing processes as a means for monitoring and control. The main advantages of
OES is the high spatial resolution of the obtained signal and the ability to detect signals
and process data in real time [61]. OES has seen applications in monitoring a multitude of
manufacturing processes like semiconductor synthesis, gas metal arc welding, laser ablation,
laser cladding and chemical vapour deposition [62, 63, 64, 65]
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2.6.1 OES for monitoring and control

The existing studies that have investigated the use of OES as a monitoring tool for AM/weld-
ing processes have focused on establishing a correlation between the optical spectrum and
processing conditions or the finished product. These studies are largely exploratory in nature
and do not provide a reliable solution to develop an OES based monitoring system for com-
mercial AM systems. Cerrai et al determined the relationship between the grain size and
observed spectral line intensity of the metal sample. It concluded that grain boundaries en-
abled a more efficient distribution of energy into the bulk, thereby increasing the probability
of a metal atom to vapourize [66]. The plasma temperature has been used to determine the
quality of overlap builds during laser welding, by correlating it with the extent of metallic
bonding. The spectroscopic observations have also been validated by microstructure studies
[67]. OES has also been used to identify phase transformation in direct metal deposition by
detecting the early stage of nucleation in alloy systems [68]. The temperature and concen-
tration profile of the plasma generated in GMAW has been studied using OES [69]. Line
intensity profiles of TIG welding have been used to evaluate the arc stability and detect an-
omalies in the welding environment [70]. Further applications of OES monitoring systems
have been investigated for powder bed and laser deposition AM processes [71, 72].

2.6.2 Limitations and Knowledge Gaps

All the studies that analyse the use of OES in AM are focused on powder bed and laser
deposition processes, with no study directly focused on the use of OES to characterize the
WAAM process. The nature of the optical emission and the mechanism of plasma creation
and metal transfer are different in WAAM, which has not been investigated before. The
spectroscopic studies of processes similar to WAAM like MIG/MAG welding were limited to
identifying plasma temperature and phase changes, and were focused on understanding the
temperature and concentration profiles of the plasma arc. OES has been studied as a tool
for quality control in TIG welding by correlating the optical spectrum with the arc length
in order to detect anomalies and evaluate arc stability. However, the experiment setup uses
a fixed spectrometer and a moving base table, which limits the application of this method
to small scale studies. Although the studies established correlations between the OES signal
and processing conditions, they did not provide any solution for handling and processing the
large amount of data that is detected by the spectrometer during the process.
Monitoring systems require a robust setup that can collect reliable and repeatable data if it is
to be used for quality control. A review of the state of the art indicates that OES is a feasible
method to study arc radiation, but there is currently no application of this technique in a re-
liable monitoring system for commercial application. The application of plasma spectroscopy
in arc welding has been focused more on understanding the plasma, without much focus on
its application for quality control. Thus, there is potential to develop a reliable OES-based
monitoring system that can be used to investigate the processing conditions and correlate
them with the detected optical signal for quality control.

2.7 Objectives of this study

Above all, the state of the art indicates the feasibility of using OES to correlate optical
emission signals to processing conditions of metal deposition and arc welding. This study
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focuses on developing a reliable OES based monitoring system to study the WAAM process.
This study focuses on understanding the physics of the plasma arc and correlating the detected
optical emission from the arc to processing conditions like current, voltage and travel speed.
This correlation is studied with the help of a self-programmed software that processes the
collected optical spectrum and visualizes the processed signal. The research objectives of the
study are summarised as following:

• Study the potential of developing a reliable OES based quality control and monitoring
tool for WAAM,

• Design a reliable experiment setup and software tools to process optical spectrum data
from the plasma arc,

• Validate the reliability of the setup and software by analysing data from different pro-
cessing conditions,

• Investigate the correlation between the collected spectrum and the weld characteristics.
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Chapter 3

Theory

3.1 Introduction

During the Wire Arc Additive Manufacturing (WAAM) deposition process, electric arc energy
is supplied either through a consumable electrode used in Gas Metal Arc Welding (GMAW)
or non-consumable electrode used in Gas Tungsten Arc Welding (GTAW) to the feeding wire
and substrate. The feeding material (welding wire) melts and gets transferred into the melt
pool which is induced by the electric arc. As the electric arc travels away, it results in a
weld track/bead during the melt pool solidification. A welding torch is used to generate the
electric arc and integrated on either a robotic arm or a gantry system and controlled by a power
source. The WAAM deposition process or WAAM 3D printing is a CNC (Computer Numerical
Control) additive process, in which the deposited weld tracks/beads are programmed as a
toolpath and a 3D object can be produced layer-by-layer [73, 74].
A plasma (a collection of electrons, ions, molecules and atoms) forms between the electrode
and the melt pool which can emit electro-magnetic radiation (in the visible spectrum) due to
electronic transitions [75]. Metal atoms evaporate from the melt pool and further get ionised
within the formed plasma. The optical emission is detectable using a spectrometer and it can
be further characterized in order to monitor and control the process [75].
The following sections provide a theoretical background on the metal transfer mechanism
in the WAAM process and the creation of the plasma arc. The physics behind the optical
emission spectroscopy techniques used to characterize the electromagnetic radiation emitted
from the plasma arc are also discussed in further detail.

3.2 Metal Transfer Mechanisms

Metal deposition in WAAM follows the same metal transfer mechanisms as Gas Metal Arc
Welding (GMAW). In this technique, the feeding wire changes phase due to the input energy,
which results in the formation of a liquid droplet at the tip of the wire. The liquid metal drop
grows and gets detached from the wire. This process of droplet formation, detachment and
transfer in the arc plays an important role in determining the weld quality and process stabil-
ity. The metal transfer process is classified according to the size, frequency and characteristics
of the transferred droplet. There are 3 broad modes of metal transfer [76]:

• Short-circuit mode: Repeated short circuits facilitate metal deposition when the liquid
drop at the tip of the wire bridges the gap between the wire and the substrate,
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• Globular mode: Large, irregularly shaped drops are transferred across the arc at a low
average current,

• Spray mode: A stream of tiny molten droplets is sprayed across the arc at a high
frequency from the wire to the substrate as a result of a high average current.

In this study, a Super Active Wire Production (SAW-P) mode was used for metal transfer.
It is a proprietary technique developed by Panasonic that is based on the short-circuit metal
transfer mode. The creation of the plasma depends on the mode of metal transfer between the
wire and the base plate. The following section will elaborate on the short-circuit transfer mode
in order to understand the mechanism of plasma creation to characterize optical emissions
using OES.

3.2.1 Short-circuit Metal Transfer

In this transfer mode, a current and voltage input is passed through the wire, creating a
plasma arc between the wire and base plate. The plasma causes the tip of the wire to melt
and form a drop of liquid metal. This drop bridges the wire and melt pool in the base plate,
resulting in the plasma arc no longer being present. The current passing through the wire
increases, and is accompanied by an increase in the magnetic force at the tip of the wire. The
electromagnetic force surrounds the wire tip and provides the ‘pinching’ force that squeezes
the molten droplet from the tip of the wire. This pinch force and the surface tension of the
liquid metal combine to detach the metal droplet from the wire. The arc then reestablishes
itself and the whole process repeats between 20-200 times a second [77].

Figure 3.1: Oscillogram of short-circuit transfer [76]

Fig 3.1 shows the stages of metal transfer at different V-I conditions. In stage ‘A’, the
wire makes physical contact with the melt pool/substrate, which marks the start of the short
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circuit. Current flows through the electrode wire and the voltage goes to zero in the absence
of the plasma arc. In stage ‘B’, the heat of the current flow causes a magnetic field to envelope
the electrode wire. As the current increases, the heat due to wire resistance causes the wire
to melt and start to neck. The voltage slowly increases and the current continues to climb to
a peak value. In stage ‘C’, the molten droplet is forced from the electrode tip. The current
reaches a maximum value. The droplet finally detaches in stage ‘D’ due to the magnetic
pinching effect and the surface tension of the melt pool. The arc reignites after the droplet is
detached and stage E shows the process repeating itself again.

Figure 3.2: High speed camera images of metal transfer process in short-circuit transfer [78]

In this study, a Super Active Wire Production (SAWP) mode was used, which is a modi-
fication of short-circuit metal transfer mode. In this technique, the metal droplet detachment
is assisted by a wire motion control servo motor. The system first detects a short circuit.
After the short circuit is detected, the servo motor of the welding torch is reversed by digital
process control, causing the retraction of the wire. This gives the weld more time to cool
after each drop is detached compared to the short-circuit mode. The system used in this
study integrates the retraction of the electrode, measures and controls the arc length, and
the polarity of the welding current. This results in the formation of a relatively spatter-free
smooth weld.

The optical emission radiated from the plasma arc can be detected and characterized.
The following sections provide a theoretical background for the diagnosis of the plasma arc.
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3.3 Thermodynamic Equilibrium

A homogeneous plasma’s physical state contained in a vessel with isothermal walls at a tem-
perature T is said to be thermodynamic equilibrium (TE) when its physical state can be
described as a function of macroscopic properties like pressure, temperature and concentra-
tion its constituent species without complete knowledge of all the processes at smaller length
scales [79]. For different plasma species the energy, velocity and particle distributions are
governed by a deterministic set of equations. The velocity distribution of particles obeys the
Maxwell equation. The Boltzmann and Saha equations define the excited state and level
of ionization in the plasma. The spectral distribution of the electromagnetic radiation is
governed by Planck’s Law [80].

3.3.1 Maxwell’s Equation

This equation governs the velocity distribution function of the particles in the plasma. In
this formulation, the change in particle density dN (any type of particle) that has a velocity
in the range of v to v + dv is described by:

dN = Nf(v)dv (3.1)

where N is the density of the particular species of particle considered. f(v) is the Maxwell
velocity distribution function, which is formulated as:

f(v) = 4πr2
(

m
2πkT

)3/2
exp

(
−mv2
2kT

)
(3.2)

where m is the mass of the particle, T is the plasma temperature and k is the Boltzmann
constant [75].

3.3.2 Boltzmann’s Law

This equation governs the population of the energy states in an atom or a molecule. If N1

and N2 are the densities of a given species of particles distributed in energy levels E1 and E2,
Boltzmann’s law is formulated as:

N2
N1

= g2
g1
exp

(
−E2−E1

kT

)
(3.3)

where g1 and g2 are the statistical weights of energy levels 1 and 2 at a temperature T
[81].

The statistical weight g1 is also defined as the state density of an energy state E1. It
is related to the total angular momentum quantum number J - the sum of spin and orbital
angular momentum quantum numbers. The total kinetic moment of a particle is equated to
J1, which is related to the statistical weight of the i-th level gi by [81]:

gi = 2J1 + 1 (3.4)

The particle density of the i-th energy level Ni at an average plasma temperature T , can
be related to the total particle density N by the following equation:
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Ni = N gi
U(T )e

−Ei/kT (3.5)

where U(T ) is called the partition function, which acts as a normalization factor in the
equation. This function is given by [81]:

U(T ) =
∑

i gie
−Ei/kT (3.6)

3.3.3 Saha’s Equation

The generalization of Boltzmann’s law for continuous states leads to the formulation of the
Saha equation. This expression relates the ionization state of a gas in thermal equilibrium to
the temperature. This expression is given by:

n2
e

n−ne = 2
λ3

g1
g0
exp

(−ε
kT

)
(3.7)

where ne is the density of electrons, n is the total density of the gas with an ionization
energy ε at a temperature T . λ is the thermal De Broglie wavelength of an electron, and g1
and g0 are the statistical weights of the energy levels 1 and 2 respectively [81].

3.3.4 Local Thermodynamic Equilibrium

A state is said to be in thermodynamic equilibrium (TE) if its spatial and temporal temper-
ature gradient is 0. For plasma systems, it represents an ideal set of conditions that are only
observed in high-volume systems like in stellar bodies where large volumes can be seen at high
temperatures. In smaller laboratory scales, these ideal conditions do not hold due to loss of
radiation by the plasma. However, the local thermodynamic equilibrium (LTE) conditions
can be assumed, where the plasma has a spatial temperature gradient but does not change as
a function of time. The plasma physics laws governing total TE can also describe LTE, except
Planck’s law governing radiation, which is reformulated with a modified set of conditions. In
this radiation field, the temperature T from the Saha equation(Equation 3.7) is equated to
the temperature T from the Maxwell distribution (Equation 3.2) [82].

In an ideal plasma, an equilibrium is maintained between emission, absorption and photo
recombination processes. Since radiation escapes from the plasma, emission dominates over
photo-radiative processes, disturbing the equilibrium. The higher energy levels are weakly
populated due to the absence of radiation compared to the overcrowded fundamental level.
It is assumed that the depopulation rate of an energy level due to electron-electron collisions
is greater than de-excitation, ionization and recombination processes due to the high elec-
tron density. LTE condition is said to be satisfied when the collisional depopulation rate of
the atomic energy levels is greater than the radiative depopulation by a factor of 10 [83].
The minimum electron density needed to satisfy LTE is given by the Mcwhirter’s criterion.
Although the LTE condition is not experimentally validated for this study, numerous other
studies have shown that McWhirter’s criterion is satisfied in metal arc or laser induced plas-
mas and emission spectroscopy techniques can be used for plasma diagnostics by assuming
LTE conditions [67, 68].

Optical Emission Spectroscopy during Wire and Arc Additive Manufacturing 21



CHAPTER 3. THEORY

3.4 Plasma Diagnostics

The emitted radiation from the plasma arc forms a spectrum across a wavelength range. This
radiation is a combination of the following components:

• Line radiation: It corresponds to radiation from transitions of electrons between levels
in atoms and ions, and at low temperatures also in molecules. These are also called
bound-bound transitions because they originate from electrons that are still bound to
the ionized species. They show as discrete lines in the emission spectrum.

• Recombination radiation: It originates from the recombination of electrons with ions.
These are also called free-bound transitions and are observed as continuum radiation in
the emission spectrum.

• Bremsstrahlung radiation: This is seen when electrons emit radiation on being deflected
in an electric field of the ions in the system. They are called free-free transitions and
are also observed as continuum radiation in the emission spectrum.

The existence of discrete emission lines in the observed spectrum indicates the presence
of a particular atomic species, with the wavelength of emission line acting as a fingerprint of
the species. The atomic species is usually an element in its most common ionization state.
The intensity of the detected radiation depends on the electronic structure as well as the
kinetics of the observed plasma. The process of plasma diagnostics involves identifying the
species involved from the wavelength and extrapolating properties like electron temperature
and concentration from the intensity profile [75].

3.4.1 Line Intensity Ratio

An emission line is defined as the energy emitted per second. In the diagnostics of plasma,
LTE conditions are assumed to be valid, as discussed in 3.3.4. Enforcing this criteria assumes
that the bound-bound electron collision processes dominate over free-bound and free-free
electron transitions. The decay of the electron from the higher energy state E2 to the lower
energy state E1 releases a photon of wavelength λ. This wavelength of the emission line is
determined by the relation:

λ = hc
E2−E1

(3.8)

with h and c being the Planck’s constant and the speed of light in vacuum respectively
[84].

The first step in the characterization of the plasma is the identification of the atomic
species. This was done by calculating the wavelength of the emission line as mentioned above.
The intensity of an emission line depends on the population of electrons in each energy level
and the probability of transitioning between the two energy levels. The electron density in
the higher energy state is represented by N2 and the probability of transition is represented
by A21, the Einstein coefficient for spontaneous emission. The emission intensity is given by:

I = A21hν21N2 (3.9)

22 Optical Emission Spectroscopy during Wire and Arc Additive Manufacturing



CHAPTER 3. THEORY

It is convenient to express the electron density of of i-th level ni as a fraction of the total
number density n:

αi = ni
n (3.10)

Thus, the Intensity Ratio (IR) of two emission lines can be expressed by the equation below,
with the subscripts denoting the atomic constants of the selected peaks.

I2
I1

=
ν2A2αi,2
ν2A1αi,1

(3.11)

This ratio is independent of n and only depends on the electron density of the chosen
emission peak and is easily measurable, as I1 and I2 are measured in the same experimental
conditions. The ratio r21 =

αi,2
αi,1

is an exponential function of temperature, and is given by:

r21 = ρ21exp
(−E21

kT

)
(3.12)

with ρ21 as a constant or a weak function of temperature. The intensity ratio I2
I1

is a function
of the temperature and it is formulated as [85]:

T = −E21

klog
(

I2ν1A1
I1ν2A2ρ21

) (3.13)

The line intensity ratio has been used to correlate the detected optical emission with the
local concentration of the metal vapour in direct metal deposition processes [68]. It has also
been used to correlate the intensity of absorption lines with the heat input in laser metal
deposition [64]. In this study, intensity ratio profiles are plotted in order to investigate if
there is a correlation with the processing conditions of the WAAM process.

3.4.2 Boltzmann Plot Method

Compared to intensity ratio, more accurate temperature calculations are made using the
Boltzmann Plot method. In this technique, a larger number of emission peaks are considered
to calculate the plasma temperature. By combining Equation 3.5 and Equation 3.9, the
intensity of an emission line can be expressed as:

I = A21hν21N
g2
g1
exp

(−E2
kT

)
(3.14)

The terms in the above equation are simplified and rearranged. The relationship between
the emission intensity of the i-th peak Ii at a wavelength λi, with a statistical weight gi,
Einstein’s constant Ai and upper energy level Ei and the plasma temperature T is given by
[85]:

ln
(
Iiλi
giAi

)
= − 1

kTEi + C (3.15)

The temperature is calculated by first selecting 2-4 peaks from the emission spectrum -
the accuracy of the calculation increases by considering a higher number of peaks. The noisy
nature of the emission spectrum and the uneven superposition of discrete and continuum
radiation across the wavelength range give rise to several criteria for the selection of emission
lines to be diagnosed for temperature calculations[68]. These criteria are listed below:
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• The selected emission lines are well resolved and free from the spectral interference from
the same element or other elements.

• The selected emission lines have small continuum components.

• The intensity of the selected lines are not more than 80% of the spectrometer range to
avoid processing saturated signals.

The wavelength and intensity of the emission lines are obtained from the detected spectrum
and the other atomic constants are obtained from the NIST Atomic Spectra Database. For
each selected peak, the term in the left hand side of Equation 3.14 is plotted against the right
hand side. The slope of the linear regression line of the plotted data points is used to calculate
the value of the average plasma temperature. An example of one such calculation is shown
in Fig 3.3, and the atomic constants are taken from the NIST Atomic Spectra database and
shown in Table 3.1.

Figure 3.3: Example of plasma temperature calculation for 4 Chromium emission lines of
wavelengths between 474-481 nm

Table 3.1: Chromium emission line data from NIST database for temperature calculation in
Fig 3.3

Wavelength (nm) g*A (sec−1) Em (cm−1)

474.46 1.8e7 42908

475.619 8.1e8 54800

477.512 2.6e7 49572

481.42 1.7e7 45663
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3.5 Conclusion

This chapter details the theoretical background behind the metal transfer processes that
occur during GMAW-based WAAM deposition process. The metal transfer process creates
a plasma arc between the wire and the base plate which emits radiation that is detected
by the spectrometer. The principles of thermodynamic equilibrium and the laws of plasma
physics are discussed in order to understand the techniques used to characterize the plasma
radiation. Plasma diagnostic techniques like the intensity ratio and plasma temperature
profiles are introduced in order to study their correlation with the processing conditions of
the experiments. These profiles are calculated by detecting optical emissions from the plasma
and processing the collected data. The next chapter details the experimental setup to collect
optical emission data from the plasma arc and the post-processing algorithms used to visualize
the plasma diagnostic techniques are also discussed in the chapter.
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Chapter 4

Materials and Methods

4.1 Introduction

In this chapter, the basic setup of the WAAM cell and its various components are introduced.
The material compositions of the wire feed, base plate and shielding gas are tabulated. The
design of a self programmed application to study the collected OES data is presented. The
application implemented post processing algorithms to identify and characterize the emission
spectrum and calculate intensity ratio and plasma temperature profiles for different pro-
cessing conditions. The spectrometer data collection parameters were optimised and the self
programmed application was tested for three different processing conditions. The setup for
all the experiments are detailed in this chapter.

4.2 Experiment Setup

WAAM experiments were performed using Super Active Wire Production mode (S-AWP,
MAG welding with Inomaxx Plus shielding gas) with a Panasonic TM-1400WG3-AWP 6-axis
welding robot and an additional welding table as shown in Fig 4.1 and Fig 4.2. Lincoln Electric
LN316 LSi welding wire (diameter of 1.0 mm) was used in the experiments. An S355 steel
plate with dimensions of 250 x 60 x 10 mm3 was used as substrate. The chemical compositions
of the wire, base plate and shielding gas are presented in Tables 4.1, 4.2 and 4.3 respectively.
This material combination was chosen to be able to support the larger Aim2Excel project for
future research.

A pivot arm was attached to the torch to hold one end of the Ocean Insight solarization
resistant optic fibre with a core size of 600 µm. This end was connected to a 74-DA Direct-
attach Collimating Lens, which was pointed at the plasma arc to collect optical emissions
with a pilot laser to ensure the alignment. The other end of the optic fibre was connected to
an OceanOptics HR4000 spectrometer, which was further connected to a personal computer
via a USB cable. The positioning of the spectrometer and its data collection parameters
were optimized as part of this study in order to obtain reliable and repeatable data. The
OceanView software was used to trigger the spectrometer and set data collection parameters.
The collected spectrum data was processed with an app that was self-programmed in the
MATLAB R2019b App Designer Toolbox. The app was developed and used to implement
the post processing algorithm characterizing optical emissions and serve as a visualization tool
for the collected data. The collected data was used to perform off-line plasma characteristics,
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e.g. the plasma temperature was calculated and the spectral intensity ratio between different
species were analysed.

Figure 4.1: Schematic diagram of WAAM Setup
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Figure 4.2: WAAM Experimental Setup
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4.3 Materials Used

The chemical composition of all the materials used in the experiments of this study are
detailed in the tables below.

Table 4.1: Composition of LN316 LSi welding wire

Element Fe Cr Ni Mo Mn C

Composition wt % 65.48 18.7 11.8 2.3 1.7 0.02

Table 4.2: Composition of S355 steel plate

Element Fe Mn Si Cu C P

Composition wt % 97.075 1.6 0.55 0.55 0.2 0.025

Table 4.3: Composition of Inomaxx Plus shielding gas

Element Fe Mn Si Cu C P

Composition volume % 97.075 1.6 0.55 0.55 0.2 0.025

Table 4.4: Composition of NiCrMoFe wire

Element Ni Cr Mo Fe

Composition wt % 59 23 16 2

Table 4.5: Composition of Ferromax Plus shielding gas

Element He CO2 Ar

Composition volume % 20 12 68

Table 4.6: Composition of X90 steel wire

Element Fe Cr Ni Mn Mo

Composition wt % 73.2 23 2 1.5 0.3

Table 4.7: Composition of Abicor Binzel ceramic spray

Material Acetone Propane Butane Butanone

Composition wt % 30 30 30 10

4.4 Self-programmed Software for OES data analysis

The detected optical spectrum was collected through the OceanView software and the data
was stored as text files. The data was fed into post-processing algorithms to i) detect back-
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ground radiation, ii) identify and characterize the discrete emission lines (peaks) in the broad-
band emission spectrum, iii) process the intensity profiles for plasma temperature computa-
tion, iv) and intensity ratio calculations. The developed app GUI was also used to plot data
from the high-frequency V-I measurements. To implement these algorithms and visualize
the results, a digital application was designed in the MATLAB App Designer environment.
The working of these algorithms and the graphical user interface (GUI) of the app is further
elaborated in the following sections.

4.4.1 Spectral Data Collection

Each data file generated by the spectrometer has two columns - wavelength and intensity.
The wavelength range is from 200-650 nm, with a resolution of 0.135 nm. The detected
intensity falls in the range of 0-16000 intensity units. The trigger settings of the spectrometer
determines the frequency of data collection. The input data files are named sequentially such
that they can be easily indexed and queried by the app. Each file also contains metadata
encoding the spectrometer collection settings. An example of a data file generated by the
spectrometer is shown in Fig 4.3.

Figure 4.3: Sample data file generated by the spectrometer
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4.4.2 NIST database

The National Institute of Standards and Technology (NIST) maintains an open source data-
base of all atomic spectra lines [86]. The elements that constitute the wire, base plate and
shielding gas are queried into this online database as shown in Fig 4.4 and the wavelength,
energy of electronic transition Em, statistical weight g1 and Einstein’s coefficient A1 values
are obtained for all wavelengths. Data from this table is scraped and stored offline for every
constituent element. This data is then indexed and queried by the app while performing peak
identification and temperature/intensity ratio calculations.

Figure 4.4: NIST Atomic Spectra database [86]

4.4.3 Baseline Estimation

As explained in Section 3.4, the detected optical emission is a superposition of radiation
from multiple sources. The presence of continuum background radiation in the detected
signal is undesirable because it can contribute to the saturation of the signal. This algorithm
estimates the baseline contribution due to continuum radiation. The baseline estimation is an
implementation of an algorithm developed for Raman spectroscopy [87]. This implementation
uses a small window moving average smoothing filter to extract the baseline from the signal
passed as the input. The mathematical basis for this algorithm is as follows: The measured
data m can be represented as m = (b+x)*p + n = b*p + x*p + n, where the pure or
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underlying signal vector x plus the baseline b is convolved (*) with the instrument blurring
function p and measurement noise n is added. The purpose of baseline estimation is to
produce an estimate for b*p from m. This is done in the following way:

• The first iteration uses a zero-order Savitzky-Golay filter to estimate the baseline [88],

• Signals above the estimated baseline are stripped and the estimation is repeated, with
an increase in the effective filter window on further iteration,

• A large window narrows the frequency pass band and increases signal rejection, allowing
more signal to be processed,

• This is repeated through many iterations until a certain stopping criterion is reached.
In this case, it is when the area between the 3rd order polyfit and the first derivative
of the residual baseline is greater than 15% of the area below the first derivative after
a certain number of iterations.

The baseline estimation algorithm is summarized in the flowchart shown below in Fig 4.5

Figure 4.5: Flowchart for baseline estimation algorithm

4.4.4 Peak Characterization

The discrete emission lines from the detected spectrum act as a ‘fingerprint’ of the chemical
species present in the system. The wavelengths of the emission peaks are unique to the
individual species present based on the energy released during electronic transitions between
energy states. These peaks were identified using a differential smoothing algorithm and the
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wavelength of these peaks were matched to the NIST database to identify the species. These
algorithms are further elaborated below, and summarized in Fig 4.6. The GUI of the software
application implementing this algorithm is shown in Fig 4.7.

4.4.4.1 Finding Peaks

The peak-searching function was written to count the positive peaks in a noisy dataset like
the emission spectrum, with the wavelength and intensity data as the input. The function
smoothens the noise by passing the derivative function of the input data through a moving
average filter. Downward zero crossings of the filtered output were detected as peaks if they
exceed a certain amplitude threshold. The function outputs a list containing the wavelength
and intensity of all the detected peaks.

4.4.4.2 Matching Peaks

The peak-matching function was written to match the detected peaks with data from the
NIST database. The wavelength and intensity are input into the function. The peak is
matched to a chemical species if the difference between the wavelengths of the detected peaks
and wavelengths from the NIST database of that species is less than a certain wavelength
threshold. This threshold is calculated as half the resolution of the spectrometer. This process
is repeated for all the constituent elements in the printing environment.

Figure 4.6: Flowchart for Peak Matching algorithm
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Figure 4.7: Software Application GUI of peak characterization

4.4.5 Intensity Ratio and Temperature calculations

The spectrometer was triggered at the start of the metal deposition. Data files were generated
and stored in the target folder at a set frequency determined by the integration time of
the spectrometer, further discussed in Section 4.5.1.3. The λ-I data of all the files in one
deposition are stored in a table structure. Intensity values at wavelengths corresponding to
emission peaks are then queried by the app and used for intensity ratio and temperature
calculations.

4.4.5.1 Intensity Ratio

One of the theoretical goals of the study was to investigate the correlation between the
intensity ratio and processing conditions like current, voltage and surface anomalies on the
base plate. To this end, a GUI was designed to visualize intensity ratio as a function of
distance. The backend of the software implemented the peak matching algorithms detailed
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in Section 4.4.4. From that list of detected peaks, specific emission lines are chosen for study
based on the criteria detailed in 3.4.2. For each selected input data set, the species and
wavelength of the matched peaks are taken as the input and the program outputs a plot
with the intensity ratio on the y-axis and the distance from the ignition of the first arc in
millimeters on the x-axis. The app GUI also enabled the comparison of IR profiles of two
different datasets. This program also enables the study of emission peaks from any of the
species present in the processing environment. The GUI of this program is shown in Fig 4.8

Figure 4.8: App GUI to visualize Intensity Ratio profiles

4.4.5.2 Implementation of Boltzmann Plot

ln

(
Iiλi
giAi

)
= − 1

kT
Ei + C

The input data is passed through the peak characterization algorithm detailed in Section
4.4.4 to obtain the wavelength and intensity of the detected emission peaks. Emission lines
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are chosen for temperature calculation according to the criteria presented in Section 3.4.2
These values are plugged in Equation 3.15 as Ii and λi respectively. The MATLAB program
takes the atomic species and wavelength of the selected peaks as the input. The backend of
the program matches the wavelengths with the NIST database to obtain the values of the
transitional probability Ai, statistical weight gi, and the energy of the upper excited level
is Ek for each of the selected emission lines. The term on the left hand side of the above
equation is plotted as a function of Ei for all the selected emission lines. The temperature can
be calculated from the negative inverse of the slope of the linear regression line of the plotted
data points. The app plots the calculated plasma temperature as a function of distance. The
app GUI also allows for the comparison of two different temperature profiles. This feature
was used to study the difference in temperature profiles of different datasets.

Figure 4.9: App GUI to visualize Plasma Temperature profiles
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4.4.6 Process Parameters Visualization

The app GUI also enables the visualization of the high frequency current and voltage data
that was collected from the anomaly detection test experiment via a Hall effect sensor. The
application of this high frequency data is further elaborated in Section 5.6.2.1. The program
takes the dataset and the x-axis limits as the input and outputs two plots with current (A)
and voltage (V) on the y-axis as a function of distance, as shown in Fig 4.10. The app also
enables the comparison of data from two different datasets in order to characterize differences
in processing conditions.

Figure 4.10: App GUI to visualize high frequency V-I data

4.5 Experiment Design

The post processing algorithms were used to implement the equations of plasma physics on
the detected optical emission spectrum and study its correlation with the processing con-
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ditions. The research objective of this study was to design a reliable experimental setup,
software tools and validate its reliability by correlating spectral data with the processing con-
ditions. The first set of experiments determined the optimum data collection conditions of
the spectrometer. This was followed by testing the repeatability of optical spectrum char-
acteristics for a certain processing condition. The reliability of the experimental setup and
software tools were tested for three different processing conditions - a peak characterization
test with different material combinations, a ramping test where the energy input into the
WAAM system was incremental increased, and an anomaly detection test where the presence
of an artificially deposited impurity on the base plate was characterized using OES. Potential
correlations between the collected spectrum with process stability and bead characteristics are
studied. The results of the anomaly detection test are also validated by optical microscopy,
high frequency V-I data and high-speed video footage.

4.5.1 Spectrometer Optimization

As the main monitoring instrument in this study, it was important to ensure that the data
collected by the spectrometer was accurate and reliable. The reliability of the collected data
was ensured by:

• Robust positioning: Ensuring that the optic fibre always points at the wire tip where
it covers the plasma arc and the melt pool,

• Preventing signal saturation: Use of a lens filter and experimentally verifying the op-
timum angle of observation,

• Ensuring repeatability: The processed emission signals show minimum variation when
the processing conditions are the same.

4.5.1.1 Positioning

Data is collected using the spectrometer via an optic fibre cable. One end of the fibre is
connected to the spectrometer, and the other end is taped to a pivot arm firmly to maintian
the steadiness. The pivot arm is securely screwed to the side of the welding torch as seen in
Fig 4.11 to avoid any possible shift.
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Figure 4.11: Spectrometer Positioning Setup

To ensure that the collimator is always pointed at the wire tip, a red ‘pilot laser’ is used.
The spectrometer end of the fibre is disconnected and light from the laser is passed through
this end. This light passes through the optic fibre and forms a spot where it is focused. The
arm is adjusted such that the spot is focused just below the wire tip. This is done to ensure
that the optical emission is always collected from the plasma arc that forms between the wire
tip and base plate. The fibre was connected back to the spectrometer after the position was
fixed.
Another function of the pilot laser was to calculate the angle of observation between the
optic fibre and the plasma arc. A measuring scale was placed perpendicular to the laser spot
between the torch and welding table, such that the projection on the scale was a circle as
shown in Fig 4.12. Subsequently, the scale was placed on the table such that the projection
of the laser spot is an ellipse. The diameter of the circle and major axis length of the
ellipse were noted. The angle of observation is calculated using trigonometry, as shown in

40 Optical Emission Spectroscopy during Wire and Arc Additive Manufacturing



CHAPTER 4. MATERIALS AND METHODS

the 2-dimensional schematic diagram in Fig 4.13. The diameter of the circle is equal to
AB and the diameter (major axis) of the ellipse is given by BC. The angle θ is calculated
as sin−1(AB/BC). For the example shown in 4.12, the angle calculated using the method
described above is 56.4◦.

Figure 4.12: Angle calculation using pilot laser

Figure 4.13: Two dimensional schematic representation of angle calculation using pilot laser
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4.5.1.2 Signal Saturation

Signal saturation occurs when the intensity of the optical emission exceeds the detection range
of the spectrometer. This is undesirable as the temperature and intensity ratio profiles cannot
be calculated if the intensity of the emission peaks exceeds the spectrometer range of 16000
intensity units. The following techniques were used to avoid the saturation of the signal:

• Optimize spectrometer settings: The trigger settings of the spectrometer determine the
intensity of the collected spectrum,

• Minimize signal contribution from continuum radiation: The use of a optic filter and
optimizing the angle of observation reduces the background radiation.

4.5.1.3 Integration Time

A charged-couple device (CCD) spectrometer was used in this study. The integration time of
the spectrometer was adjusted to optimize data collection. The integration time determines
the CCD readout frequency and therefore the exposure time of the detector. The longer the
integration time, the more light is exposed to the detector during a single scan, and higher the
intensity of the signal. If the integration time is too low, the signal to noise ratio decreases,
resulting in an attenuated signal and false positives in the peak matching algorithm. The
HR4000 spectrometer used in this study has an integration time range from 5-200 ms. The
optimum integration time was obtained by trial and error, and was determined to be 25 ms
for all the experiments done in this study.

4.5.1.4 Optic Filter

The light emitted by the plasma arc was observed to saturate the detected spectrum at
different wavelength ranges, as shown in Fig 4.14a for example. To prevent the saturation of
the signal, a polymer tape was used to cover the entrance of the collimating lens and act as
a physical filter. The filter only has an effect on the relative intensity of detected radiation.
OES characterization techniques use relative intensity values and therefore are not affected
by the filter. The effect of the filter is illustrated in Fig 4.14 comparing the detected spectrum
for the same processing conditions with and without the filter.
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Figure 4.14: a) OES spectrum without filter b) OES spectrum with filter

4.5.1.5 Angle Optimization

As discussed in Section 3.4, the detected optical emission is a superposition of radiation from
multiple sources. The plasma emits discrete line radiation that is seen as peaks in the emission
spectrum. The liquid melt pool and the metal vapour emit black body continuum radiation
characterized by Planck’s equation. The presence of continuum background radiation in the
signal can lead to signal saturation when superimposed with the discrete radiation. This
background radiation is however not the same in all directions - the metal vapour and melt
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pool are not symmetrical but have a complex shape determined by the forces acting on it.
The superimposed contribution of emission peaks from the plasma arc, metal vapour and
melt pool is asymmetric and depends on the angle of observation.

Figure 4.15: Experimental setup for angle test

The aim of this experiment was to determine the optimum angle of observation. The exper-
iment setup consisted of the WAAM robotic arm described in Section 4.2. The 316L wire
was deposited on an S355 steel base plate at a speed of 0.7 m/min. An adjustable stand was
used to fix the collimator and optic fibre, which was connected to the spectrometer. Five
identical weld beads were printed, where the observation angle θ was increased incrementally
by 10◦ from 20◦ to 60◦. Angles beyond 60◦ could not be measured as the welding torch
blocked the light path. The detected optical emission was then passed as the input for the
baseline estimation algorithm in order to determine the background continuum component
of the signal. From this experiment, the optimum angle of observation was determined for
future experiments, and discussed in Section 5.1.

4.5.1.6 Signal Repeatability

The reliability of a monitoring system is tested by performing repeated experiments with the
same processing conditions and comparing the OES observations to characterize differences. If
the detected signals are observed to have the same characteristics with only minor differences,
the repeatability of the system is validated. To illustrate this, identical weld beads of 180
mm in length were printed on the base plate with a weld current of 160 A and voltage of 18
V and travel speed of 0.7 m/min using the experimental setup described in Section 4.2. To
evaluate the repeatability of the signal, an Fe I emission line at a wavelength of 444.8 nm
was selected. The intensity of the radiation at this wavelength is plotted for all the collected
data in a single weld bead. The plasma temperature profiles were also plotted for each bead
choosing three Cr I emission lines at 526.54 nm, 528.76 nm and 531.84 nm. Intensity ratio
profiles were calculated for both sets of welds by studying the Fe I emission lines at 491.21
nm and 494.93 nm. This process is repeated for the same conditions, but with a travel speed
of 0.3 m/min. The same profiles are calculated for a pair of beads with a travel speed of
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0.3 m/min, but the observation angle of the spectrometer was changed in order to illustrate
the difference in the detected signals for the same processing conditions when the observation
angle is disturbed. The processed OES signal for all depositions are presented and discussed
in Section 5.3.

4.5.2 Setup and Software Validation

The previous sections described how to collect reliable data relying on the proper setup, the
algorithms used to process and visualize the emission spectrum. One of the research objectives
of the study was to validate the experimental setup and self programmed software through
correlating emission data from the plasma arc for different processing conditions. To this end,
three experiments were designed and the collected spectrums were processed by the software in
order to study the processed optical spectrum. The first experiment tested the peak matching
software using different combinations of materials for the wire and shielding gas. The second
experiment was a ramping test where input current and voltage were incrementally increased.
The last experiment was an anomaly detection test, where OES was used to characterize the
presence of an artificially deposited anomaly on the base plate. The results of the anomaly
detection test were additionally validated by optical microscopy, high frequency V-I data and
footage from a Phantom high-speed camera at 4100 FPS.

4.5.2.1 Peak Characterization Test

The goal of this experiment was to test the functionality of the peak matching algorithm with
different combinations of wire feed material and shielding gas. The peak characterization
algorithm is also used in plasma temperature and intensity ratio calculations. By testing
the software on different material combinations, it is shown that the OES characterization
techniques developed in this study can be used for any WAAM system. In this experiment,
three different material combinations were used for the wire feed and shielding gas. The first
wire/gas material combination was 316L wire with Inomaxx Plus shielding gas, with the com-
positions described in Tables 4.1 and 4.3 respectively. The second material combination was
an NiCrMo alloy (Alloy 59) with Ferromax Plus as the shielding gas, with the compositions
described in Tables 4.4 and 4.5 respectively. The last material combination was X90 steel
wire with pure argon shielding gas, with the composition of the wire described in Table 4.6.
The experimental setup described in Section 4.2 is used and the collected OES data is fed
into the software. The characterized emission peaks for all material combinations are shown
in Section 5.4

4.5.2.2 Ramping Test

The goal of this experiment was to study the correlation between the detected OES signal
and WAAM process parameters like current and voltage. This was done by varying the
input parameters to observe differences in the detected signal. These variable conditions are
designed in the form of a ramping test, where the current and voltage was incrementally
increased in 5 steps. The increase in heat input is expected to supply more energy into the
system and reflect in the intensity of the plasma arc that is created in the process.
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Figure 4.16: Schematic drawing of Ramping Test processing conditions along a deposition
line of 5x36 mm

The experimental setup of the system is shown in Fig 4.2, and uses the WAAM setup described
in Section 4.2. Three beads of 180 mm in length were deposited, with a travel speed of 0.3,
0.7 and 1.2 m/min respectively. The current and voltage was incrementally increased every
36 mm as shown schematically in Fig 4.16 and OES data was collected and processed for
all the printed beads. The correlation between the detected OES spectrum and the ramping
conditions were studied by visualising the processed OES signal in the app that was developed.
The results of this experiment are presented and discussed in Section 5.5.

4.5.2.3 Anomaly Detection Test

The goal of this experiment was to study the potential of detecting an artificially deposited
‘anomaly’ on the base plate using the OES based monitoring system. A common problem
encountered during the printing of metal components is the presence of anomalous conditions
in the printing environment. These anomalies are in the form of oxidized spatter from a
nearby weld path, a base plate contaminated with oil or dirt, or improper shielding conditions.
The presence of these anomalies can act as a barrier between the wire and the base plate,
which can further affect the melt pool conditions and geometry of the weld bead [89]. In the
printing of components, inhomogeneous weld bead geometry can result in undesirable defects
like porosity and lack of fusion and increases the likelihood of early failure [90]. The purpose
of this experiment was to detect the presence of intentionally introduced anomalies during
the printing using OES technique.

Figure 4.17: Ceramic pattern on S355 base plate for the Anomaly Detection Test

Two S355 steel base plates were used, with one plate coated with a ceramic pattern as shown
in Fig 4.17. Abicor Binzel Ceramic spray was used to deposit a thin layer of ceramic on the
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base plate, which had a chemical composition described in Table 4.7. This material simulates
the presence of an impurity in the printing environment since it affects the metal transfer
mechanism and shape of the weld pool. Two sets of identical welds were made on both base
plates. Each set consisted of three beads of 180 mm in length that were deposited on the
plate with a TS of 0.3 m/min, 0.7 m/min and 1.2 m/min, with a constant current of 160 A
and voltage 18 V. The width of the ceramic pattern was increased incrementally as shown in
Fig 4.17 in order to study possible correlations between the emission spectrum and the size of
the simulated impurity. The results of this experiment are presented and discussed in Section
5.6.

4.5.2.4 Validation of Anomaly Detection Test

In the experiments described above, OES was used to characterize the presence of anomalies
on the printing surface. In this part of the study, independent analysis techniques were used to
validate the results obtained from OES. These techniques studied the effect of the anomaly on
the weld geometry and metal transfer process. These studies were done to further understand
the plasma processes that are characterized by OES observations. A Hall effect based high
frequency sensor was used to measure the current and voltage passing through the workpiece
at a frequency of 25 kHz. The recorded data shows the difference in V-I waveforms between
the two sets of experiments done in the anomaly detection test. A Phantom high-speed
camera was used to shoot videos of the WAAM process at a frame rate of 4100 FPS to better
understand the metal transfer process behaviour of the plasma arc, and correlate the data
obtained from OES and the high frequency V-I measurements. To understand the differences
in the weld bead geometry, cross-sections of the base plate with the printed welds were made
and Optical Microscopy was used to study the geometry and shape of the printed bead.
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Results and Discussion

The collected OES data was processed via a self-programmed application that was described
in Section 4.4. The spectrometer optimization followed by three experiments with different
processing conditions - a peak characterization test, ramping test, and the anomaly detection
test. The OES data from these experiments were processed and the results are presented in
this chapter. From the obtained results, the correlation between the detected signals and the
experimental processing conditions are also discussed in detail.

5.1 Spectrometer Optimization: Angle Test

5.1.1 Results

In this experiment, OES data was collected at 5 different observation angles θ shown in Fig
4.15 from 20◦ to 60◦ for the processing conditions described in Section 4.5.1.5. The collected
data was passed through the baseline estimation algorithm in order to deconvolute the signal
and extract the baseline contribution from continuum radiation. The estimated baseline of
the signals from all the measurement angles is shown in Fig 5.1. Fig 5.2 shows an example of
the calculated baseline for an observation angle of 20◦
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Figure 5.1: Angle Test baseline profiles

Figure 5.2: Sample baseline calculation for an observation angle of 20◦

From the plot in Fig 5.1, it can be seen that the baseline plots have a correlation with the
angle of observation. At the lowest angle of observation, the calculated baseline has the
highest intensity. As the angle of observation was increased, the intensity of the baseline
reduces at all wavelengths in the detection range. It is also seen that all plots have roughly
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the same profile. There are two peaks between 350-400 nm and 500-550 nm and a valley
between 400-500 nm. The peaks and valleys are sharper at lower angles of observation. As
the observation angle is increased, the profiles become more rounded. Another observation
is the presence of downward discontinuities on the calculated baseline found in wavelength
ranges of 300-350 nm, 400-450 nm and 500-550 nm. These discontinuities were observed for
all of the calculated profiles at the same wavelengths.

5.1.2 Discussion

The calculated baseline profile is a superposition of continuum radiation from the melt pool
and metal vapour. From Fig 5.1, it can be inferred that the continuum radiation is not the
same in all directions and therefore depends on the angle of observation. The plotted profiles
indicate that the metal vapour from the weld dissipates more towards the sides than upwards
in the direction of the torch. This results in a higher observed background radiation at lower
angles of observation.

Figure 5.3: Planck’s black body radiation curve

In the WAAM process, the state of the material undergoes a change from a solid to liquid
melt, followed by melt to metal vapour and finally from metal vapour to plasma. The optical
emissions detected in the process come from the plasma arc as well as the melt pool on
the base plate. The plasma is formed by the ionization of the evaporated atoms from the
melt pool. The vapour atoms get ionized after absorbing the energy from the arc during
excitation. The radiation emitted by the melt pool is considered to be continuum black body
radiation. As elaborated in Section 3.4, the continuum radiation emitted by free-free and
free-bound electrons are the result of inelastic collisions and de-excitation of high energy free
electrons with atoms and ions in the plasma. The radiation detected by the spectrometer is a
superposition of characteristic emission lines with the continuum background radiation. The
state of the metal vapour determines whether an emission or absorption line is detected.
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The observed spectra show that the profile of the continuum radiation is a deviation from
the classic Wein’s displacement curve for Planck’s black body radiation as shown in 5.3. A
possible explanation for the presence of the ‘valley’ seen in the wavelength range of 400-500
could be the presence of the absorption phenomena [91].

Characteristic absorption lines (discrete lines) appear whenever an electron is excited from
a lower energy level of a species to an upper (excited) energy level. Characteristic radiation
(emission lines) is emitted whenever an electron decays from an upper level of a species to
a lower energy level. Absorption lines from an element will appear if there are atoms of
the element present in a low-density gas which lies between the detector and the source of
radiation. The observed spectra also indicate that the deviation from the theoretical black
body spectrum could be due to the absorption of radiation by the Fe and Cr ions in the metal
vapour. The presence of the downward discontinuities on the baseline profiles could also be
attributed to the absorption effect. Although, it is not the focus of this study, investigating
absorption as well as emission lines could provide further insight into the correlation between
the optical emission and the processing conditions. One such study was done by Ya et al.
where the intensity ratio of the absorption lines was correlated to the clad geometry during
laser metal deposition [64].

5.2 Selection of Emission Peaks

The calculation of plasma temperature and intensity ratio profiles require the selection of
emission line peaks in order to process the OES data. The criteria for the selection of these
peaks were elaborated in Section 3.4.2. Based on these criteria, three Cr I emission lines at
wavelengths 526.54 nm, 528.76 nm and 531.84 nm were selected for calculating the plasma
temperature profiles as shown in Fig 5.4. The same criteria were used to select emission
lines for intensity profile calculations. Two Fe I intensity lines were selected at wavelengths
491.21 nm and 494.93 nm as shown in Fig 5.5. These selected lines were used to generate the
temperature and IR profiles in the following sections.
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Figure 5.4: Cr I peaks chosen for temperature calculations

Figure 5.5: Fe I peaks chosen for intensity ratio calculations

5.3 Spectrometer Optimization: Signal Repeatability

The reliability of the spectrometer data collection setup was tested by verifying the repeat-
ability of the detected signal for the same processing conditions. Two sets of weld beads were
printed at travel speeds of 0.3 and 0.7 m/min as explained in the experiment setup in Section
4.5.1.6. To evaluate the repeatability of the signal, an Iron emission line at a wavelength of
444.8 nm. The intensity of the radiation at this wavelength is plotted for all the collected
data in a single weld bead. The plasma temperature profiles were also plotted for each bead
choosing 3 Chromium emission lines at 526.54 nm, 528.76 nm and 531.84 nm. Finally, intens-
ity ratio profiles were calculated for both sets of welds by studying Fe emission lines at 491.21
nm and 494.93 nm. These lines were selected from different wavelength ranges and atomic
species in order to validate signal repeatability. The peak intensity, plasma temperature and
intensity ratio profiles for both sets of welds are presented in Figures 5.6 and 5.7. The pro-
cessed signals from 2 trials with the same processing conditions are superimposed over each
other in order to compare the profiles. The same profiles are calculated for a pair of beads
with a travel speed of 0.3 m/min, but the observation angle of the spectrometer was changed
in order to illustrate the difference in the detected signals for the same processing conditions
when the observation angle is disturbed, and is shown in Fig 5.8

Optical Emission Spectroscopy during Wire and Arc Additive Manufacturing 53



CHAPTER 5. RESULTS AND DISCUSSION

Figure 5.6: Repeatable signal comparison at TS = 0.7 m/min a) Intensity profile b) Plasma
Temperature profile c) Intensity Ratio profile
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Figure 5.7: Repeatable signal comparison at TS = 0.3 m/min a) Intensity profile b) Plasma
Temperature profile c) Intensity Ratio profile
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Figure 5.8: Example of non repeatable signal for same processing conditions at TS = 0.3
m/min a) Intensity profile b) Plasma Temperature profile c) Intensity Ratio profile

From the graphs that were obtained in this experiment, it can be inferred that repeatable
signals can be obtained if the processing conditions as well as the spectrometer configuration
remains unchanged while depositing the weld beads under the same process conditions. Dis-
turbing the spectrometer configuration can be a possible source of error in OES calculations.

For a travel speed of 0.7 m/min, the intensity of the Fe I peak at 444.8 nm follows the
same profile for both beads. The profiles for the plasma temperature and intensity ratio
are also similar for the pair of identical welds. The similarity in the profile characteristics
of peak intensity, plasma temperature and intensity ratio is also shown for the pair of welds
deposited with a travel speed of 0.3 m/min. Small variations between the profiles are observed,
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but these differences are minimal and can be due to small vibrations of the welding torch
causing collimator lens to move slightly. The superimposed signals in Fig 5.8 do not show the
same profile even though the process parameters were the same with just a difference in the
spectrometer configuration and observation angle. If the profiles of the superimposed signals
show different features for the same processing conditions, it cannot be used for comparing
OES profiles while analysing processing conditions.

5.4 Software Validation: Peak Characterization

5.4.1 Results

In this experiment, different material combinations of wire feedstock and shielding gas were
used in the WAAM setup. This experiment was done to illustrate the versatility of the
developed software. Only one combination of materials were used in this study. However,
this experiment demonstrated that the post processing algorithms that were developed can
be used for any WAAM system. Fig 5.9 shows the characterized peaks of the system with
316L wire and Inomaxx shielding gas. Fig 5.10 shows the characterized peaks of the system
with NiCrMo wire and Ferromaxx shielding gas and finally Fig 5.11 shows the characterized
peaks of the system with X89 steel wire and argon shielding gas.

Figure 5.9: Peak characterization of signal from with 316L wire and Inomaxx shielding gas
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Figure 5.10: Peak characterization of signal from with NiCrMo wire and Ferromaxx shielding
gas

Figure 5.11: Peak characterization of signal from with X89 steel wire and Argon shielding gas
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5.4.2 Discussion

It was examined that the software is able to identify and characterize emission peaks detec-
ted for different material combinations. However, not all of the peaks in the spectrum are
identified by the software. This could be attributed to the software only characterizing the
most common ionization state of the metal species - Fe I, Cr I and Ni I. This is observed
because the first ionization state of the metals in the system have the highest probability of
electron transition (A21) from the NIST database [86]. Although other ionization states are
present in the system, they are not stable and hence cannot be used for the plasma char-
acterization. It can also be observed that some emission peaks are characterized by more
than one element. This could be due to the fact that both the elements have an emission
peak listed in the NIST database where the difference in their wavelengths is less than the
resolution of the spectrometer (0.135 nm) and the collected raw spectra are all superimposed
with the detectable emission sources multiple species in which the overlap of the peaks can
occur. To avoid errors in processing OES data, emission lines are selected such that they are
matched to a single element. The peak characterization software can identify emission lines
in the spectrum for any material combination, provided the constituent elements are known
and the peaks fall within the detection range of the spectrometer.

5.5 Software Validation: Ramping Test

In this experiment, the current and voltage input to the WAAM system was incrementally
increased in five steps and the collected OES signals were processed to investigate the potential
correlations with the processing conditions. A 316L wire was deposited on an S355 steel base
plate with Inomaxx Plus shielding gas. A chromium emission peak with a wavelength of
528.76 nm was selected to study the peak intensity for all travel speeds. It is to be noted
that this peak does not have any special characteristics and any emission line can be chosen
if it is consistently observed for all the OES data files obtained. The plasma temperature
and intensity ratio profiles were also plotted for all speeds to study correlations with ramping
conditions. The selection of emission line peaks for these calculations are described in Section
5.2 and shown in Fig 5.4 and Fig 5.5 The weld beads printed in different travel speeds are
shown in 5.12. It is observed that the width of the weld bead increases with each ramping
step as the current and voltage input were increased.
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Figure 5.12: Weld beads for different travel speeds in ramping conditions
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5.5.1 Intensity Profiles

Figure 5.13: Intensity profile of a Chromium emission peak 527.2 nm

For all travel speeds, the intensity of the emission peak shows a strong correlation with
the increasing current and voltage conditions. The intensity of the peak increases with the
increasing heat input for all speeds. The final ramping step, where the current and voltage
reduce to the arc off (crater conditions with lower values of current and voltage), was also
noticed. The intensity profile can be attributed to the increasing input energy provided to
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the wire. A higher current corresponds to more number of electrons flowing through the wire
and the plasma Arc. As seen in Equation 3.9, the intensity of light emitted by the plasma arc
is proportional to the density of electrons in higher energy levels. Thus, the intensity profile
shows a stepped profile when the input current and voltage are ramped incrementally.

5.5.2 Temperature and Intensity Ratio Profiles

Figure 5.14: Plasma Temperature profiles from Ramping Test for different travel speeds
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Figure 5.15: Intensity Ratio from Ramping Test for different travel speeds

The temperature and intensity ratio for all travel speeds in ramping conditions show the
same profile. The temperature profile shows instability in the first ramping region, before
stabilizing to a more stable profile. However, the temperature profile does not show any ob-
servable variation when the process parameters are ramped in the next four ramping ramping
regions.

The intensity ratio also shows a similar profile to the plasma temperature. There is an
instability observed in the first ramping region for all travel speeds. Although each ramping
region can be distinguished in the intensity ratio profile, the correlation with the processing
conditions is not strong enough to characterize the increasing current and voltage input. These
observations can be explained by correlating the processed signal with the heat input into the
system. For the first ramping region, the current and voltage values are the lowest and the
arc energy is insufficient for stable metallic bonding. This is also reflected in the uneven weld
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appearance of the first ramping region seen in Fig 5.12. However, the arc energy is sufficient
for stable metallic bonding from the second ramping region and is thus not reflected in the
temperature profile. The intensity ratio is more sensitive to processing conditions compared
to the plasma temperature, and reflects a small change in value at the location where the heat
inputs are ramped. However this change is too small to accurately characterize the ramping
process. A possible reason for this observation is that the Super Active Wire Production
metal transfer mode is self-stabilizing, and the feedback controlled process maintains a stable
plasma arc after the heat input energy is sufficient for stable metallic bonding.

There are two key results from this experiment - the intensity of the detected radiation
from the plasma increases as a function of the electrical energy input into the system. The
plasma temperature and intensity ratio profiles can be used to characterize the beginning of
stable metallic bonding, but difficult to accurately describe the ramping conditions of the
experiment at the moment. More dynamic variation tests are needed to be performed to
further explore its potential.

5.6 Software Validation: Anomaly Detection

5.6.1 Results

In this experiment, the collected OES data was used to characterize the presence of an in-
tentionally deposited ceramic as anomaly on the base plate for three different torch travel
speeds - 1.2 m/min, 0.7 m/min, and 0.3 m/min. A 316L wire was deposited on an S355
steel base plate with Inomaxx Plus shielding gas. OES data was collected for all three travel
speeds to compare peak intensity, plasma temperature and intensity ratio profiles. An emis-
sion peak at a wavelength of 528.76 nm was chosen to study the intensity profile. The selected
wavelengths for plasma temperature and intensity ratio calculations were presented in Section
5.2 and shown in Fig 5.4 and Fig 5.5 respectively. The results of this experiment are presented
in this section. These results are discussed and further validated with the help of secondary
investigation techniques like optical microscopy, analysing voltage waveforms and high-speed
camera footage.
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5.6.1.1 Intensity Profiles

Figure 5.16: Intensity of Cr I emission line at wavelength of 528.76 nm at a) TS = 1.2 m/min
b) TS = 0.7 m/min c) TS = 0.3 m/min
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The intensity profiles shown in Fig 5.16 at a TS of 1.2 m/min show clear peaks at the locations
of the deposited ceramic anomaly. The ignition of the arc at the start of deposition shows
instability at all TS values. The intensity profiles obtained for TS of 0.7 m/min and 0.3
m/min does not show a characterizable correlation with the presence of all the ceramic strips.
The intensity profile at 0.7 m/min does show peaks at the location of the anomaly, but there
are multiple peaks at other locations as well making it difficult to characterize the anomaly’s
presence. For a TS of 0.3 m/min, the intensity profile appears as peaks only for three out of
the five deposited ceramic strips, and is thus not reliable for characterizing the presence of
the anomaly.

5.6.1.2 Plasma Temperature

TS = 1.2 m/min

Figure 5.17: Comparison of plasma temperature profiles in anomaly detection test at TS =
1.2 m/min

The plot of plasma temperature versus distance is shown in Fig 5.17 for both sets of welds
printed at a TS of 1.2 m/min. It can be seen that the presence of the ceramic pattern can
be differentiated based on the superposition of both sets of welds. The signal obtained from
the weld without the ceramic pattern shows a relative uniform temperature profile with only
small variations. The profile obtained from the weld printed on the ceramic pattern however
shows sharp drops in plasma temperature when the torch deposited metal over the ceramic
regions. The drop in temperature is not the same for each of the 5 ceramic strips in the
base plate. There is an instability and lowering of the temperature during arc ignition that
is seen in both profiles. The reduction in temperature is not the same for all the ceramic
strips. However, this temperature reduction does not have any correlation with the size of
the simulated anomaly.
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TS = 0.7 m/min

Figure 5.18: Comparison of plasma temperature profiles in anomaly detection test at TS =
0.7 m/min

For a travel speed of 0.7 m/min, there is no characterizable difference between the temperature
profiles of the weld beads with and without the ceramic pattern as seen in Fig 5.18. An
instability in the temperature profile was observed at the starting of the process but after
the signal stabilizes, there is no discernible difference between the OES signals obtained from
printing on both the base plates.
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TS = 0.3 m/min

Figure 5.19: Comparison of plasma temperature profiles in anomaly detection test at TS =
0.3 m/min

For a travel speed of 0.3 m/min, the temperature profiles indicates the presence of only 2
out of the 5 ceramic patterns on the base plate as seen in Fig 5.19. The temperature profile
shows instability near at the starting of the deposition for both sets of welds. When the
torch deposited metal over the ceramic patterns of width 8mm and 15mm, it showed a drop
in temperature, but it is not significant enough to be able to characterize the presence of
the ceramic pattern. Another observation was the signal obtained from the ceramic-free
printing environment also showed a higher degree of variation and instability compared to
the temperature profiles obtained from the other 2 travel speeds.
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5.6.1.3 Intensity Ratio

TS = 1.2 m/min

Figure 5.20: Comparison of intensity ratio profiles in anomaly detection test at TS = 1.2
m/min

The intensity ratio profile for a travel speed of 1.2 m/min has a similar trend to the calculated
temperature profile, as shown in Fig 5.20. The presence of the simulated ceramic anomaly
can be differentiated from IR profile without the ceramic. The intensity ratio drops when it
enters a ceramic region and then rises back to the baseline value. Although the reduction of
the intensity ratio is seen for all the ceramic strips, the signal does not reflect the varying size
of the ceramic pattern.
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TS = 0.7 m/min

Figure 5.21: Comparison of intensity ratio profiles in anomaly detection test at TS = 0.7
m/min

The intensity ratio profiles for the weld beads printed with and without the ceramic pattern
on the base plate have similar profiles. Although the profile of the weld printed on the ceramic
has a lower intensity ratio on average, the profiles cannot be used to differentiate between
printing on a clean base plate and with a ceramic pattern deposited on it, as shown in Fig
5.21.

TS = 0.3 m/min
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Figure 5.22: Comparison of intensity ratio profiles in anomaly detection test at TS = 0.3
m/min

The intensity ratio profiles for the weld beads printed at a travel speed of 0.3 m/min indicated
that IR values can be correlated to the presence of the ceramic, but is not consistent for all
of the ceramic depositions on the base plate, as seen in fig 5.22. The IR signal collected from
printing on a clean base plate shows instability and large variation in signal across the whole
length of the bead. The variation of IR observed in this signal is greater than what was seen
for a travel speed of 0.7 m/min and 1.2 m/min. The profile collected from the weld printed
on the ceramic pattern shows a reduction of the intensity ratio where the ceramic strip width
was 5 mm, 6 mm, 8 mm and 15 mm. The intensity ratio is lower than the baseline of the
profile between the ceramic strips of 6 mm and 8 mm. The intensity ratio does not correlate
to the presence of the ceramic strip of 10 mm.

5.6.2 Discussion

The peak intensity, plasma temperature and intensity ratio profiles plotted for different travel
speeds shows that the collected OES signal can be correlated to processing conditions, but
only for certain values of the torch travel speed. For the fastest travel speed of 1.2 m/min, the
peak intensity profile showed an increase in the presence of the ceramic anomaly, and both the
plasma temperature and intensity ratio profile showed a reduction in signal when printing over
a ceramic region. For the slowest travel speed of 0.3 m/min, the peak intensity and intensity
ratio profile has a stronger correlation to the presence of the ceramic compared to the plasma
temperature, but the signal does not reflect the presence of all the ceramic deposited strips.
Additionally, the signal obtained from the deposition on the ceramic free metal surface also
showed a higher level of instability in both the plasma temperature and intensity ratio profiles
compared to the other two travel speeds, indicating that metal deposition at a travel speed
of 0.3 m/min results in the plasma arc being less stable compared to the other travel speeds
in this study. The intensity, plasma temperature and intensity ratio profiles could not be
correlated to the presence of the ceramic pattern for the intermediate travel speed of 0.7
m/min. Therefore, under the stable process conditions, using the OES for anomaly detection
is promising.

The intensity of light emitted by the plasma is proportional to the density of electrons
and increases with arc current, as studied in the ramping test and seen in Equation 3.9. The
increase in the intensity of the emission for TS of 1.2 m/min could be attributed to the fact
that the presence of the anomaly affects the flow of electrons from the wire to the base plate
and could accumulate in the plasma arc, and more number of excited electrons are detected
in the plasma. An explanation for the lowering of temperature and IR values could be that
the presence of the ceramic anomaly affects the surface tension of the melt pool by acting
as a barrier between the liquid metal drop and the melt pool. The presence of an anomaly
would also affect the flow of electrons (current) from the liquid metal drop to the base plate,
and thus affect the creation of the plasma. The lowering of the temperature and IR profiles
indicates that the anomaly lowers the heat input during the deposition process. The lower
heat input could be due to the recombination of the accumulated electrons above the ceramic
region with the electrons input into the system via the welding current. This observation of
the increase in intensity and reduction in temperature and IR has a strong correlation with
the OES signals only for a travel speed of 1.2 m/min and not for 0.3 m/min or 0.7 m/min is
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difficult to be explained with just the temperature and intensity ratio calculations and requires
further investigation with different designed experiments. A possible explanation could be
the limitation of the integration time of the spectrometer that reduces the sensitivity of the
observed spectrum.
To validate the above hypothesis and investigate the correlation of the travel speed with
the observed OES signal, independent investigation techniques were used to study the metal
transfer process in greater detail. Voltage and current data was collected from the experiment
at a frequency of 25000 Hz using a Hall effect based sensor. A Phantom High Speed camera
was also used to take footage of the metal transfer process with the ceramic impurity deposited
on the base plate at 4100 FPS. Data from the V-I sensor was used to differentiate the current
and voltage waveforms from the welds that were deposited with and without the ceramic.
The high speed camera footage was used to study the metal transfer process in greater detail
and correlate it with the high frequency current and voltage data and the processed OES
spectrum. The effect of the anomaly on the geometry of the weld bead and shape of the weld
profile was investigated by studying cross sections of the base plate using optical microscopy.

5.6.2.1 High Frequency Voltage Analysis

The WAAM setup in this study used Super Active Wire Production mode, a modification
of the short-circuit metal transfer mode discussed in Section 3.2. A voltage difference is
maintained between the torch tip and the base plate, which was clamped to the welding
table. The liquid metal drop from the torch tip creates a short circuit when it bridges the
gap between the wire tip and base plate. After the metal transfer, the voltage returns to
the set input value resulting in the ignition of the plasma arc. V-I data was collected in the
anomaly detection experiment using a Hall effect based sensor at a frequency of 25000 Hz.
For every travel speed, voltage data was compared between the weld beads printed with and
without the ceramic deposition on the base plate. Fig 5.23 shows the voltage waveform of
metal deposition on a ceramic-free base plate at a TS of 0.7 m/min.

Figure 5.23: Detected voltage waveform of SAWP metal transfer mode on a ceramic-free
base plate at a TS of 0.7 m/min

In the previous section it was hypothesised that the reduction of the plasma temperature and
intensity ratio signals observed during metal deposition over a ceramic region was caused by
the ceramic particles interfering with the metal transfer process by affecting the conductivity
of the base plate. This hypothesis is validated in this section by comparing the detected
voltage waveforms with and without the ceramic pattern on the base plate.
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Figure 5.24: Selected regions for comparative study of voltage waveforms

Fig 5.24 shows the three weld beads that were printed on the base plate with the ceramic
deposition. Two regions 1 and 2 are selected to study the voltage waveforms - region 1 does
not have any ceramic present and region 2 has ceramic present. The voltage waveforms from
a 2mm wide area in these regions were superimposed with the data collected from the weld
beads printed on a clean base plate for all travel speeds and are presented in Fig 5.25, Fig
5.26 and Fig 5.27.

Figure 5.25: Voltage waveform from region 1 and 2 at TS = 1.2 m/min
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Figure 5.26: Voltage waveform from region 1 and 2 at TS = 0.7 m/min

Figure 5.27: Voltage waveform from region 1 and 2 at TS = 0.3 m/min
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The collected high-frequency voltage data could be used in tandem with OES to validate the
spectroscopic observations in a monitoring system by quanitifying the short-circuit data and
correlating it with the presence of the anomaly. However, this quantification was not the
focus of this study and the comparative voltage waveforms were only used to qualitatively
validate the OES observations.
For all the travel speeds, the voltage waveforms from for regions 1 and 2 show different
profiles. Region 1 for all travel speeds shows a voltage waveform that is similar for both the
clean base plate as well as the base plate with the ceramic deposition. Small inconsistencies
can be attributed to localised instability in the plasma arc, but these observations were not
consistantly present in the waveforms. The voltage waveforms in Region 2 for all travel speeds
show that the number of short circuits is significantly lesser compared to Region 1. Even after
the voltage reaches the minimum value, the short-circuit time in Region 2 is higher than in
Region 1.
These results support the hypothesis proposed in Section 5.6.2. The presence of the ceramic
pattern prevents the liquid metal drop at the wire tip from detaching and falling into the
melt pool. The instability in the voltage waveform between short circuits indicates that the
ceramic acts as a barrier, affecting the surface tension of the melt pool and detachment of
the droplet from the wire. Arc ignition takes place after the liquid metal is detached and
the voltage goes back up to the peak value. Lesser number of short circuits per unit time
can affect the density of metal ions in the plasma and concentration of the metal vapour,
and as a result reflect in the plasma temperature and intensity ratio profiles calculated from
the detected OES signal. This hypothesis is further validated by high speed footage of the
printing of a metal bead as it enters the ceramic region.

5.6.2.2 High-speed camera investigation

A Phantom High Speed camera was used to take video footage of the metal transfer pro-
cess at a frame rate of 4100 FPS. The camera collected images from the metal deposition
process before the torch prints over the ceramic region and the deposition on the ceramic.
A monochromatic laser source was used to illuminate the torch tip and the melt pool. The
camera captured the laser’s reflection from the wire and liquid metal at a high frame rate to
investigate the metal transfer process. The camera setup captured the deposition of a 316L
wire on an S355 steel base plate with a torch speed of 0.7 m/min at a welding current of 160
A and a welding voltage of 18 V.
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Figure 5.28: High speed camera footage of metal transfer in ceramic region a) Before arc
ignition b) Arc ignition c) Wire pulled back up by servo motor d and e) Drop detachment f)
Arc off

Fig 5.28 shows a series of images captured by the camera when printing on a metal region
without the presence of the ceramic. Figure ‘a’ to ‘b’ shows the ignition of the plasma arc due
to the applied current and voltage to the wire and creates a liquid metal drop at the wire tip.
In ‘c’, the servo motor of the robot arm pulls the wire upwards along with the liquid drop,
increasing the plasma intensity. ‘d’ and ‘e’ shows the detachment of the metal droplet into
the melt pool. This detachment causes the liquid metal in the melt pool to spatter outwards
and this process is seen to repeat again.
Fig 5.29 shows a series of images captured when deposting over the ceramic region. It is
observed that the ignition of the plasma arc causes the liquid metal droplet to form at the
torch tip. However, the ceramic anomaly affects the surface tension of the melt pool and
reduces the force that causes the drop to detach. The drop does not detach into the melt
pool every time the wire is drawn upwards by the servometer of the robot arm. The sequence
of images in Fig 5.29 shows that the plasma arc increases and decreases in intensity when the
wire is drawn upwards - it is drawn up and down several times before the droplet is detached.
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Figure 5.29: High speed camera footage of metal transfer in ceramic region a) Arc off b,c)
Arc ignition d) Asymmetric arc e) Servo motor drawn up without droplet detachment f,g)
Arc ignition h) Droplet detachment i) Arc off

Figure 5.30: Voltage waveform in ceramic region
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The voltage waveform from the ceramic region also confirms that the presence of the anomaly
affects the frequency and mechanism of droplet detachment, as seen in Fig 5.30. The serrated
waveform indicates that the presence of the anomaly does not allow the metal drop to act as
a bridge between the wire and the base plate for each time the servo motor draws the wire
upwards using digital process control.
It is also observed that the shape of the plasma arc becomes asymmetrical when the torch is
printing over the ceramic anomaly, as shown in Fig 5.31 where the torch is moving from left
to right. The presence of the ceramic is seen to affect the arc shape and hence will also have
an effect on the geometry and depth of penetration in the weld sample.

Figure 5.31: a) Symmetric arc in ceramic free region b) Asymmetric arc in ceramic region

5.6.2.3 Weld Appearance and Geometry

The previous sections studied the correlation between the detected OES signal and the pres-
ence of a ceramic anomaly on the base plate. In this section, the effect of the anomaly on the
geometry of the weld and penetration into the base plate is studied.
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Figure 5.32: 180 mm welds of different travel speeds printed on the ceramic pattern for
anomaly detection with welding current of 160 A and welding voltage of 18 V

Fig 5.32 shows the weld beads printed on the ceramic pattern for all travel speeds. It
can be seen that the width of the weld bead reduces when it enters the ceramic region and
increases again outside, creating a ‘neck’ shape over the anomaly. This observation can be
explained by the voltage waveform and high speed camera footage - the increase in short
circuit time and the dynamics of drop detachment is altered by the ceramic and results in
lesser amount of metal being transferred from the wire to the base plate. The setup of the
anomaly detection experiment had the ceramic strip increasing in width in order to study
the effect of the size of the simulated anomaly on the collected spectrum as well as the weld
geometry.

Figure 5.33: Sample cross-sections for optical microscopy analysis

The base plate was cut into section as shown in Fig 5.33. The sections marked in red were
across each of the ceramic strips and the sections in blue were across the base metal with
no ceramic present, and is referred as Metal Sample 1 and 2. The weld bead geometry was
studied using an optical microscope for all travel speeds. The purpose of optical microscopy
was to study the difference in the weld geometry between sections with and without the
ceramic anomaly. Microscopy measurements were also done to correlate the weld geometry
with the width of the simulated ceramic anomaly.
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Figure 5.34: Schematic of a WAAM weld track [64]

For the cross-sections shown in Fig 5.34, weld geometry parameters like the height hc, melt
depth hmix and width Wc were measured. For every travel speed, these parameters are
tabulated for the five ceramic and two metal cross-sections in Tables 5.1, 5.2 and 5.3.

Table 5.1: Weld geometry parameters for TS = 1.2 m/min

Sample Cross section Wc(µm) hc(µm) hmix(µm)

Ceramic 5 mm 6585 1283 1000

Ceramic 6 mm 5890 1194 550

Ceramic 8 mm 6321 1235 588

Ceramic 10 mm 5762 1195 599

Ceramic 15 mm 6537 1342 794

Metal Sample 1 7644 1539 1209

Metal Sample 2 7350 1394 1292

Table 5.2: Weld geometry parameters for TS = 0.7 m/min

Sample Cross section Wc(µm) hc(µm) hmix(µm)

Ceramic 5 mm 7085 1872 774

Ceramic 6 mm 6262 1578 931

Ceramic 8 mm 6683 1617 657

Ceramic 10 mm 7772 1627 794

Ceramic 15 mm 7772 1871 991

Metal Sample 1 8457 1931 1098

Metal Sample 2 8274 1902 1123
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Table 5.3: Weld geometry parameters for TS = 0.3 m/min

Sample Cross section Wc(µm) hc(µm) hmix(µm)

Ceramic 5 mm 9830 5822 1049

Ceramic 6 mm 9234 4893 1607

Ceramic 8 mm 8135 4126 1029

Ceramic 10 mm 8104 3452 1232

Ceramic 15 mm 7830 2989 1774

Metal Sample 1 10273 5978 1255

Metal Sample 2 9673 5795 774

Figure 5.35: Weld geometry parameters for all samples at a) TS = 1.2 m/min b) TS =
0.7m/min c) TS = 0.3 m/min
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The cross-sections underwent coarse polishing and was etched with 2% nital etchant. The
etched samples were viewed under a Keyence optical microscope at a magnification of 20x in
order to obtain the weld profile and calculate the weld geometry parameters.

The weld parameters have no observable correlation with the width of the simulated
ceramic impurity for any travel speed under the current tested conditions. The melt depth
Hmix shows a slight increase with increasing ceramic width, but this effect can be attributed
to the accumulated heating of the base plate during deposition.

Another observation was that all the metal samples’ welds showed a higher width, melt
depth and height compared to the ceramic cross-sections, except one sample at TS= 0.3
m/min. This observation supports the high frequency voltage data and high-speed camera
footage where it was determined that the ceramic hindered the metal transfer between the
wire and base plate and hence leads to lesser amount of metal being deposited in a region with
the surface having anomaly present. The deviation of the observations made for the metal
sample at a TS = 0.3 m/min could be due to unstable printing conditions seen even in the
ceramic free region as evidenced in the plasma temperature and intensity ratio observations.

Figure 5.36: Optical micrographs of weld samples at a) TS = 0.3 m/min in ceramic b) TS
= 0.7 m/min in ceramic c) TS = 1.2 m/min in ceramic d) TS = 0.3 m/min without ceramic
e) TS = 0.7 m/min without ceramic f) TS = 1.2 m/min without ceramic

The shape of the observed weld profiles differ between the cross-sections of the ceramic and
metal samples. The weld shape in the ceramic cross-section is asymmetric compared to the
metal cross-sections. The asymmetrical plasma arc in the ceramic region observed in Fig 5.31
can be attributed as the reason for this observation.

5.6.3 Conclusions of Anomaly Test

Optical emission spectroscopy was applied during WAAM single bead deposition tests through
optimizing OES data collection (setup, settings) and validating the data repeatability and
reliability. The collected data was processed through the self-programmed app, which was
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successfully developed, tested under different conditions and used for data analysis during
this study.

Optical emissions from the plasma arc were collected and processed to detect the presence
of an intentionally deposited ceramic pattern to simulate the presence of anomalies on the
base plate during deposition. Plasma temperature and intensity ratio profiles were used to
characterize the presence of anomalous conditions. It was found that the presence of the
ceramic can be detected for a travel speed of 1.2 m/min, but is not completely reliable for
travel speeds of 0.7 m/min and 1.2 m/min. High frequency voltage data and high-speed
camera footage shows that the presence of the ceramic affects the short-circuit metal transfer
mechanism from the wire to the base plate. The ceramic acts as a barrier and increases the
short circuit time and slows down the metal deposition.

The processed OES signals do not have a correlation with the plasma temperature and
intensity ratio profiles for travel speeds of 0.7 m/min and 0.3 m/min. A possible explanation
for this observation can be attributed to the spectrometer data collection settings. The
integration time of the spectrometer was set at 25 ms - which is the time the sensor is
exposed to the arc light to generate one data file. The presence of the ceramic impurity has
the same effect on the metal transfer for all travel speeds. However, the increase in short
circuit time and inhibited metal transfer is only reflected when the travel speed is the highest
at 1.2 m/min because there is a significant reduction in the intensity of the radiation in 25
ms when the torch is printing over the ceramic region. For slower travel speeds of 0.7 m/min
and 0.3 m/min, despite a longer short circuit time and inhibited metal transfer, the number
of voltage cycles in 25 ms is high enough to not have an effect on the intensity profiles. A
possible solution for this could be using a spectrometer with a higher sensitivity such that
the integration time can be set at a lower value without significantly affecting the signal to
noise ratio of the collected spectrum.
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Conclusions and Future Directions

6.1 Conclusions

The main goal of this study was to explore an OES based monitoring system for the WAAM
process and develop tools which help to achieve this. The following conclusions were made at
the end of the study:

• The WAAM process, the physics of the plasma arc, and the laws of physics governing
the plasma state were studied to build a reliable OES experiment setup to collect optical
emission data.

• A self-programmed software was developed to process the collected data to evaluate
the contribution of baseline continuum radiation, identify the emission peak lines of
different atomic species, calculate the plasma temperature and intensity ratio profiles
for studying the potential relationships among the optical emission signal and processing
conditions.

• The optimum observation angle. 60◦ was chosen to be the observation angle for all
experiments.

• The absorption of the plasma radiation by the metal vapours that are present due to
high temperatures of the printing environment.

• A peak characterization experiment was done where the functionality of the peak match-
ing algorithm was tested with different combinations of wire feed material and shielding
gas. It was shown that the software was able to identify and characterize emission peaks
detected for different material combinations.

• The intensity of the detected radiation from the plasma increases as a function of the
increased electrical energy input into the system.

• The plasma temperature and intensity ratio profiles can be used to characterize the
beginning of stable metallic bonding, but cannot be used to accurately describe the
ramping conditions of the experiment.

• During the anomaly detection tests,the fastest travel speed of 1.2 m/min, both the
plasma temperature and intensity ratio profile showed a reduction in signal when print-
ing over a ceramic region. However data collected from travel speeds of 0.7 m/min and
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0.3 m/min did not always show a characterizable signal to indicate the presence of the
anomaly.

• Secondary investigation techniques like high-frequency V-I sensors and high-speed cam-
era footage was used to investigate possible reasons for the OES observations. These
investigations showed that the presence of the ceramic anomaly affects the short-circuit
metal transfer mechanism from the wire to the base plate. The ceramic acts as a barrier
and increases the short circuit time and slows down the metal deposition.

6.2 Future Directions

A key result of this study was the absence of a characterizable signal in the anomaly detection
test for slower travel speeds of 0.7 m/min and 0.3 m/min. This observation was attributed
to the integration time (25 ms) of the spectrometer, which may not capture the changes in
the intensity of the plasma radiation as elaborated in Section 5.6.2. Lower values of integ-
ration time causes the detected signals to have a higher level of noise and false peaks in the
emission spectrum. Using a spectrometer with a higher sensitivity would maintain the high
signal-to-noise ratio while reducing the integration time.
With the setup and software in place, many more experiments can be conducted with different
processing conditions to test the application of OES for further quality monitoring and control
of the WAAM, e.g. - different metal transfer modes or detecting improper shielding condi-
tions. Improved software systems can be designed to enable real time data collection and post-
processing, which could be used as a tool to monitor arc stability while printing. The long term
goal for the development of this monitoring system is to integrate with a feedback-based con-
trol system with the ability to self-correct the printing process. By further studying the cor-
relation between the process parameters, weld geometry and the optical emission signal, pro-
cessed spectrum data like plasma temperature and intensity ratio can be used to build a feed-
back system that controls the process parameters to maintain a predetermined weld geometry.
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