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Abstract

Additive Manufacturing (AM), often
referred to as 3D printing, has revolutionized
traditional manufacturing processes by
enabling the creation of complex and
customized objects layer by layer. Additive
Manufacturing (AM), Wire Arc Additive
Manufacturing (WAAM), and  the
significance of image processing in
monitoring and  controlling WAAM
processes. It succinctly highlights the unique
characteristics of WAAM, the broader
context of AM techniques, and the role of
image processing in enhancing the WAAM
process. It provides a clear and informative
overview of these concepts. The decision
between these methods is made basedon the
materials used, component size, surface
polish, and intended uses. The control and
monitoring of Wire Arc  Additive
Manufacturing (WAAM) processes heavily
rely on image processing. Image processing
approaches improve real-time monitoring,
fault detection, and quality control in
WAAM by examining visual data collected
during the production process. Unlike
conventional AM methods that use powdered
material, WAAM utilizes a solid wire as the
feedstock material. This method involves the
controlled deposition of melted wire through
an electric arc, leading to the gradual buildup
of a three-dimensional object. Monitoring
and control in wire arc additive
manufacturing  (WAAM) involve the
application of various techniques to ensure
the quality, accuracy, and consistency of the
additive manufacturing process using wire-
based deposition
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I. INTRODUCTION

Layer-by-Layer Fabrication is a fundamental characteristic shared by both Wire Arc
Additive Manufacturing (WAAM) and other Additive Manufacturing (AM) techniques. This
approach involves building components by adding material layer upon layer, which enables
the creation of intricate and complex geometries that are often difficult to achieve using
conventional manufacturing methods. This method empowers engineers to design and
produce parts with intricate internal structures and unique shapes, revolutionizing traditional
manufacturing processes. Furthermore, both WAAM and other AM methods offer a high
degree of customization. This means that the manufacturing process can be tailored to
produce components that match specific requirements. Designers and engineers have the
flexibility to create products that are uniquely suited to their intended applications. This
customization capability is a significant advantage over conventional manufacturing, where
creating complex, personalized items might be impractical or cost-prohibitive. In essence, the
shared principles of layer-by-layer fabrication and customization make both WAAM and
other AM techniques valuable tools in modern manufacturing, enabling the production of
intricate, tailored components that align precisely with the needs of various industries and
applications.

In Wire Arc Additive Manufacturing (WAAM), the feedstock material utilized is a
solid wire, predominantly composed of metals. This distinctive feature sets WAAM apart
from other Additive Manufacturing (AM) techniques. In contrast, various other AM methods
leverage a broader spectrum of materials, encompassing polymers, metals, ceramics, and
composites. These materials are available in diverse forms, including powders, liquids, and
filaments, contributing to the versatility and adaptability of these techniques. The deposition
process in WAAM involves the controlled melting of a solid wire using an electric arc,
followed by the layer-by-layer deposition of the molten material. This process's unique
utilization of solid wire and electric arc technology contributes to the gradual buildup of
intricate three-dimensional objects. On the other hand, different AM techniques adopt
varying deposition methods. For instance, Stereolithography utilizes selective curing of liquid
resins, Selective Laser Sintering employs lasers or electron beams to fuse powdered
materials, and Fused Deposition Modeling extrudes heated filaments. Each method addresses
specific material properties and application needs, enabling the creation of diverse
components with distinct attributes.

Wire Arc Additive Manufacturing (WAAM) is prominently employed for metals and
metal alloys, mainly due to its utilization of solid wire feedstock. This specialization sets
WAAM apart in its focus on metallic materials, which are well-suited for various industrial
applications. Conversely, other Additive Manufacturing (AM) techniques exhibit greater
flexibility by encompassing a broader spectrum of material options. These methods extend
their reach to polymers, ceramics, and composite materials, catering to diverse industry needs
and allowing for the creation of components with varied material characteristics. Surface
finish isa distinctive attribute when comparing WAAM to other AM techniques. WAAM's
inherent nature can result in rougher surface finishes due to its process characteristics.

Consequently, additional post-processing steps are often necessary to achieve the

desired surface quality. Conversely, other AM techniques possess the capability to attain
smoother surface finishes, contingent on the specific technology and material employed. This
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versatility in surface quality serves as a key advantage in applications requiring both
functional performance and aesthetic appeal.

The differences in material diversity and surface finish between Wire Arc Additive
Manufacturing (WAAM) and other Additive Manufacturing techniques contribute to their
distinct strengths and applications. WAAM excels in metal-based production due to its wire
feedstock, while other AM methods offer versatility by accommodating a wider range of
materials. Surface finish attributes underscore the need for post-processing in WAAM, while
other AM techniques can achieve varied surface qualities to meet specific requirements.

Il. LITERATURE REVIEW

The concept of "Ease of Use Image Processing for Wire Arc Additive Manufacturing
Control and Monitoring” likely pertains to simplifying the utilization of image processing
techniques for the purpose of controlling and monitoring the Wire Arc Additive
Manufacturing (WAAM) process. Wire Arc Additive Manufacturing (WAAM) is an additive
manufacturing technique that employs electric arcs to melt and deposit metal wire to build up
objects layer by layer. Process control and monitoring are critical to ensure the quality and
consistency of the final product. Image processing, a subset of computer vision, involves the
analysis of visual data from cameras and sensors to extract meaningful information.The goal
of "Ease of Use Image Processing” is to bridge the gap between complex image analysis
techniques and the practical needs of operatorsand engineers in the WAAM environment. By
making image processing more user-friendly, manufacturers can harness the benefits of
image-based monitoring and control with reduced training requirements and increased
process efficiency.

Dissimilar metal deposition in wire and arc-based additive manufacturing involves
the process of fusing two distinct metals, stainless steel and a nickel-based alloy, to create
complex structures. This method employs an arc-based technique where a wire electrode is
melted, generating a molten pool that solidifies to form layers. This process allows the
combination of stainless steel and nickel-based alloy to form intricate and functional
components with unique material properties and characteristics. This technique is valuable
for applications that require specific material properties in different sections of a single
component, offeringversatility and performance benefits in various industries.[1]

The "Three-dimensional numerical simulation of arc and metal transport in arc
welding based additive manufacturing™ involves using computer-based modeling to simulate
the complex interactions between the welding arc, molten metal, and the work piece during
additive manufacturing processes. This approach employs three-dimensional simulations to
understand and optimize the behavior of the welding arc and metal deposition, aiding in the
development of more efficient and effective additive manufacturing techniques. These
simulations provide insights into the thermal distribution, fluid flow, and solidification
processes within the melt pool, contributing to the advancement of arc-based additive
manufacturing technologies.[2]

By layering material onto components, Wire Arc Additive Manufacturing (WAAM),

a kind of Direct Energy Deposition additive manufacturing, uses the wire welding principles.
Due to its low cost and capacity to create huge quantities of parts, this technology has
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become very popular in the manufacturing industry. Advances in intelligent applications for
smart production systems have been observed at WAAM as industry transition to smart
manufacturing systems and enhanced computational resources. These applications cover both
real-time process parameter control and manufacturing inspection. The cost-effectiveness of
WAAM and its integration with intelligent systems work together to meet the changing needs
of contemporary industry. [3]

The paper "Process Monitoring and Control in Wire Arc Additive Manufacturing: A
Review" (2018) by Zhang et al. provides an in-depth analysis of process monitoring and
control techniques in the context of Wire Arc Additive Manufacturing (WAAM). The authors
review the state-of-the-art advancements in monitoring and controlling the WAAM process
to enhance its efficiency and quality. The paper discusses various methods such as image
processing, sensors, and real-time feedback mechanisms that have been employed to monitor
and regulate key parameters during the additive manufacturing process. The review
highlights the importance of process stability, material deposition accuracy, and defect
detection in achieving optimal WAAM outcomes. The authors also emphasize the role of
computational modeling and simulation in predicting and improving process behavior.
Overall, the paper underscores the significance of robust monitoring and control strategies in
advancing WAAM as a reliable and precise additive manufacturing technique.[4]

The concept of a "layer wise monitoring approach using thermal imaging" involves
utilizing thermal imaging technology to detect defects and irregularities during the process of
metal deposition, even though the discussion is not exclusively centered around wire arc
additive manufacturing (WAAM). This method is relevant and adaptable to WAAM
processes as well. By employing thermal imaging, which captures temperature variations,
the approach aims to identify potential defects and inconsistencies as each layer of material is
deposited, thereby ensuring the quality and integrity of the final product. While the
techniques may not be explicitly focused on WAAM, their application can be extended to this
additive manufacturing method to enhance defect detection and quality control throughout the
layer-by-layer deposition process.[5]

111.WIRE AND ARC ADDITIVE MANUFACTURING

Wire Arc Additive Manufacturing (WAAM) is an advanced manufacturing process
that belongs to the broader category of additive manufacturing, also known as 3D printing.
WAAM is a method that involves building three- dimensional objects by selectively
depositing material layer by layer, using an electric arc as the heat source to melt and fuse
metal wire, which is then added to the growing workpiece. It focused on sensor technologies
employed in WAAM for process monitoring. It discusses optical, thermal, and acoustic
sensors as well as their integration into the additive manufacturing setup. The paper
highlights the importance of real-time monitoring to ensure quality[6].
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Figure 1: Wire and Arc Additive Manufacturing

e Layer-by-Layer Building: Similar to other additive manufacturing techniques,
WAAM builds objects layer by layer. A computer-controlled system guides the
deposition of material to create the desired shape.

e Metal Wire Feed: In WAAM, a continuous metal wire is fed into the welding arc.
The wire serves asboth the heat source and the material to be added to the workpiece.

e Electric Arc: An electric arc is generated between the wire electrode and the
workpiece. The heatgenerated by the arc melts the tip of the wire, creating a molten
pool on the workpiece.

e Material Deposition: As the wire melts, it is deposited onto the workpiece in a
controlled manner. Themolten material solidifies quickly, forming the current layer of
the object.

e Layer-by-Layer Solidification: The process is repeated layer by layer until the
entire object is built. Each layer bonds to the previous one, creating a fully dense and
structurally sound component.

By thoroughly defining these specifications, it provide a clear roadmap for the
development and implementation of the image processing system in WAAM control
and monitoring. This helps in achieving consistent and reliable results throughout the
manufacturing process.

e Hardware and Software Selection: Choose appropriate hardware (cameras, sensors)
and software tools for image acquisition and processing. The selected equipment
should be capable of capturing images with the required level of detail and accuracy
for analyzing the WAAM process.
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e Calibration and Standardization: Calibrate the imaging system regularly to ensure
accurate measurements and consistent results. Standardize the imaging setup across
different manufacturing scenarios to enable meaningful comparisons and reliable
analysis.

e Real-time Processing: If real-time monitoring and control are required, ensure that
the image processing algorithms are efficient enough to process images in real-time
without introducing delays in the manufacturing process.

e Feature Extraction: Develop algorithms to extract relevant features from the images.
For WAAM, this might involve tracking the size and shape of the melt pool,
monitoring the deposition path, or identifying defects like cracks and voids.

e Data Validation: Implement validation routines to ensure the accuracy of extracted
data. This might involve cross-referencing image data with other process parameters
or using redundant imaging systems to confirm results.

e Data Fusion: Integrate image data with other process data, such as temperature,
voltage, and current, to gain a comprehensive understanding of the WAAM process
and its performance.

e Anomaly Detection: Develop algorithms to detect anomalies and defects in real-time
or during post- processing. This could involve identifying irregular melt pool shapes,
inconsistent deposition patterns, or the presence of defects that could compromise the
structural integrity of the final product.

e Adaptation and Optimization: Continuously improve the image processing
algorithms based on feedback from the manufacturing process. Adaptive algorithms
can help optimize the WAAM process in response to changing conditions.

e Validation and Verification Regularly validate the accuracy and effectiveness of the
image processing system against reference standards and known defects. This ensures
that the system remains reliable and effective over time.

e Maintain thorough documentation of the image processing specifications,
methodologies, algorithms, and results. Clear documentation facilitates knowledge
transfer, troubleshooting, and compliance with quality standards.

By carefully considering and implementing these steps, you can maintain the
integrity of specifications for image processing in wire arc additive manufacturing
control and monitoring, leading to improved process control, defect detection, and
overall product quality. while not specific to wire arc, layer wise monitoring approach
using thermal imaging to detect defects andirregularities during metal deposition. The
techniques discussed could be applicable to WAAM as well. [4]

Thermal imaging cameras are employed to capture temperature data from the

surface of the workpiece or the deposition area. Different materials and defects can
result in variations in temperature distribution.
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e Real-Time Analysis: As the material is being deposited layer by layer, the thermal
imaging system analyzes the temperature patterns in real time. Deviations from
expected temperature distributions can indicate defects or irregularities. Certain
defects, such as cracks, voids, or incomplete fusion, can cause temperature anomalies.
The thermal imaging system identifies these anomalies as potential defects within the
layer being deposited [7].

e Layer Comparison: By comparing the thermal data of each layer to a reference or
ideal temperature distribution, the system can detect inconsistencies that might
compromise the structural integrity or quality of the final product. Immediate
Feedback: Any detected defects or irregularities trigger alerts or adjustments in real
time. Themanufacturing process can be paused, modified, or corrected to prevent the
propagation of defects to subsequentlayers. The thermal imaging data can be stored
for each layer, creating a comprehensive record of the manufacturing process and
defects detected. This documentation aids in quality assurance, analysis, and
processoptimization [15].

Figure 2: WAAM Processed Components

IV. IMAGE PROCESSING TECHNIQUES FOR WIRE ARC ADDITIVE
MANUFACTURING(WAAM)

An electric arc is used in the advanced manufacturing method known as "wire arc
additive manufacturing” (WAAM) to melt and deposit metal wire in layers, allowing for the
construction of complex metal components. For the finished product to be of the highest
caliber and integrity, this procedure must be carefully controlled and monitored. It is possible
to achieve this control and monitoring through the use of image processing techniques. For
WAAM control and monitoring, it is important to properly address the following important
image processing techniques:

1. Thermal Imaging: Infrared (IR) cameras can record temperature distributions while

performing WAAM. These photos may be analyzed using image processing to discover
hotspots and track temperature changes. This is essential for identifying problems with
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10.

11.

overheating or under heating.

Weld Pool Monitoring: High-speed cameras may record the behavior of the molten
metal pool and analyze it in real time. Analysis of the pool's size, shape, and stability via
image processing is possible. Defects in the process can be indicated by variations from
the anticipated pool characteristics.

Surface Quality Inspection: Defect Detection: By examining photographs of the
deposited layers, image processing can be utilized to find surface flaws like fractures,
porosities, or abnormalities. Algorithms for machine learning can be trained to spot
typical flaws.

Geometry Measurement: Layer Height Measurement: Vision systems may be used to
determine the height of each layer that has been deposited. Problems with material
deposition can be indicated by variations from the anticipated layer height.

Geometry Reconstruction: 3D scanning and reconstruction techniques can be used to
capture the geometry of the component being manufactured, such as laser scanning or
structured light scanning. For a real-time quality assessment, image processing can
reconstruct the 3D model and compare it to the desired design.

Monitoring of Smoke and Fumes: During WAAM, image processing can be used to
track the emissions of smoke and fumes. This may provide information on the quality of
the welding process and the presence of impurities.

Positioning and Stability: Alignment Based on Cameras: Cameras can be employed to
track the placement and stability of the WAAM system's components. Any tremors or
misalignments that can impede the quality of the deposition can be found via image
processing.

Color Analysis and Spectroscopy: Spectroscopic Imaging: The color and spectral
properties of the arc and the molten pool can be examined using spectroscopy in
conjunction with image processing. Variations in these qualities may be a sign of changes
in the material composition.

Data Fusion: Integration of Sensor Data: To offer a thorough understanding of the
WAAM process, image processing should be merged with other sensor data, such as
temperature sensors, force sensors, and motion sensors.

Using Machine Learning to Find Anomalies: To identify patterns linked to defects or
process irregularities, train machine learning models. These models have the ability to
continuously monitor picture data and, in the eventof an anomaly, alert the user or take
corrective action.

User Interface: Create an intuitive user interface that gives engineers and operators
access to processed picture data in a format that is easy to understand and use.

It is significant to note that the particular image processing methods and tools
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employed will rely on the WAAM system, the materials being utilized, and the quality
requirements for the finished result. Therefore, for effective control and monitoring in
WAAM, it is crucial to have a complete understanding of the procedure and to work with
specialists in image processing and computer vision.

V. IMAGE PROCESSING COMPONENTS FOR WIRE ARC ADDITIVE
MANUFACTURING (WAAM)

To ensure high-quality manufacturing, it control and monitoring need for a
comprehensive solution thatintegrates hardware and software components.

1. Hardware Components
e High-Resolution Cameras and Sensors
» Use high-resolution cameras with frame rates suitable for capturing the rapid
movements andchanges in the WAAM process.
> Integrate temperature sensors, 3D scanners, and spectroscopic sensors for
collectingcomplementary data.
e Infrared (IR) Cameras
> Incorporate IR cameras to monitor temperature distributions in real-time.

e Illumination System

» Employ specialized lighting to ensure optimal image quality and reduce shadows
and glare.

e 3D Scanning Equipment

» Utilize 3D scanners for capturing the geometry of the workpiece and the deposited
layers.

e Computer Hardware

» Employ powerful computers or embedded systems with GPUs for real-time image
processing.

2. Software Components

e Image Acquisition and Preprocessing

> Develop software for capturing and preprocessing images from cameras and
sensors, includingnoise reduction and calibration.

e Real-time Image Processing
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VI.

Implement real-time image processing algorithms to analyze the images and sensor
data. Thisincludes:

Weld pool analysis for size, shape, and stability.
Surface quality inspection for defect detection.
Geometry measurement and reconstruction.
Smoke and fume analysis.

Color and spectral analysis.

Data fusion from multiple sensors.

VV VY VY

e Machine Learning and Anomaly Detection: Train machine learning models for
anomaly detection based on historical data and known defect patterns. These
models can continuously analyze the data stream and trigger alerts when anomalies
are detected.

e Data Logging and Analytics: Implement data logging and storage capabilities to
maintain a record of process data for quality controland analysis.

e Feedback Control: Integrate the image processing system with the WAAM
system's control mechanisms to make real-time adjustments based on detected
anomalies.

e Remote Monitoring and Reporting: Enable remote access and monitoring of the
WAAM process, including the ability to generate reports and alerts via email or
mobile notifications.

Collaboration between experts in image processing, computer vision, and
WAAM is crucial for the successful development and implementation of this solution.
Regular maintenance and updates are also essential to keep the system performing at
its best and ensuring the production of high-quality WAAM components.

APPROACHES FOR ENHANCING THE WAAM PROCESSES'
PERFORMANCE

Process Improvement: To provide the best possible consistency and quality of the
deposition, adjust process variables including the arc voltage, wire feed rate, and travel
speed. To study and improve the process for less distortion, residual stress, and porosity,
use computer simulations.

Material Options: To assure the appropriate mechanical and metallurgical qualities,
choose high-quality feedstock materials with well-known features and certificates. Verify
the compatibility of the components to avoid melting, mixing, and intermetallic formation
problems.

Processing Prior to and Afterward: To relieve residual stresses and enhance material
qualities, implement appropriate pre-weld and post-weld heat treatments. To eliminate
flaws, reduce surface roughness, and guarantee precise measurements, perform machining
or surface finishing.
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4.

Layer-by-Layer Investigation: Examine each layer for flaws and inconsistencies using
non-destructive testing (NDT) techniques including ultrasonic testing, X-rays, or
computed tomography. Utilize visual inspection or thermal imaging methods to look for
irregularities while the material is being deposited.

Designers may significantly enhance the quality, dependability, and efficiency of
the components made using additive manufacturing by combining these techniques and
customizing them to the demands of the WAAM process.

VIl. RELATION FACTOR WITH EQUATIONS FOR WAAM MANUFACTURING

It seems like you're looking for equations or factors related to Wire Arc Additive

Manufacturing (WAAM) manufacturing processes. While | can provide some general factors
and concepts related to WAAM, keep in mind that the equations and specific factors can vary
based on the particular application, materials used, and process parameters. Here are some
relevant factors and equations that might be of interest:

1.

Deposition Rate (D): The rate at which material is deposited during the WAAM process.
Equation: D = v x w, where v is the travel speed and w is the deposition width. The
"Deposition Rate" in the context of Wire Arc Additive Manufacturing (WAAM) refers to
the speed at which material is added to the work piece during the additive manufacturing
process. This rate is a critical factor influencing the efficiency and productivity of the
manufacturing process. The equation that defines the deposition rate is D = v x w, where
"v" represents the travel speed of the welding head, and "w" represents the deposition
width of the material being added. This equation reflects the fundamental relationship
between the movement speed of the welding head and the amount of material being
deposited. By controlling the travel speed and deposition width, manufacturers can adjust
the deposition rate to achieve the desired outcome in terms of build speed, material
utilization, and overall part quality[14].

Heat Input (Q): The amount of energy transferred to the workpiece during welding.
Equation: Q = V x | x t, where V is the voltage, | is the current, and t is the
time."Deposition Rate (D)" and "Heat Input (Q)" are two essential factors in the Wire Arc
Additive Manufacturing (WAAM) process that significantly impact the quality and
characteristics of the manufactured components.

Deposition Rate refers to the speed at which material is added to the workpiece
during the WAAM process. It plays a vital role in determining the build time, material
utilization, and the overall efficiency of the manufacturing process. The equation for
Deposition Rate is D = v x w, where "v" represents the travel speed of the welding head,
and "w" represents the deposition width of the material being added. This equation
illustrates how the combination of travel speed and deposition width affects the amount of
material deposited per unit of time.

Heat Input refers to the amount of energy that is transferred to the workpiece
during the welding process. It plays a crucial role in controlling the thermal characteristics
of the melt pool and the surrounding material. The equation for Heat InputisQ =V x | x
t, where "V" represents the voltage applied to the welding arc, "I" representsthe current
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flowing through the arc, and "t" represents the time during which the welding process
occurs. This equation quantifies the energy input into the system, which affects the
temperature distribution, cooling rate, and solidification behavior of the deposited
material[13].

Implications

e Thermal Behavior: Heat Input directly impacts the thermal behavior of the melt
pool. Proper heat input control is crucial for controlling the size and shape of the melt
pool, which affects layer bonding, residual stresses, and distortion.

e Microstructure: Heat Input influences cooling rates, affecting the microstructure of
the deposited material. Rapid cooling can lead to finer grains, impacting mechanical
properties such as strength and toughness.

e Residual Stresses: Heat Input influences residual stresses formed during the cooling
process. Controlling heat input can mitigate the extent of residual stresses, enhancing
component stability.

e Solidification Behavior: Heat Input influences the solidification rate, affecting the
formation of defects such as porosity and cracks. Proper heat input management
contributes to minimizing these issues.

e Efficiency and Throughput: Proper control of Heat Input ensures efficient energy
usage, which is crucial for cost-effective production and reduced thermal distortion.

Balancing Deposition Rate and Heat Input is vital to achieving consistent part
quality and desired material characteristics in WAAM. By understanding and
optimizing these factors, manufacturers can enhance the reliability, efficiency, and
performance of additively manufactured components.

Together, Deposition Rate and Heat Input impact the material's
microstructure, mechanical properties, and overall quality of the additively
manufactured components. Balancing these factors is essential to achieve the desired
build speed, structural integrity, and part performance in WAAM processes. Proper
control and optimization of these parameters contribute to producing components with
consistent and reliable properties[12].

3. Melt Pool Geometry: The shape and dimensions of the molten pool during deposition.
Equation (for cylindrical melt pool): V_melt = & x (d/2)"2 x h, where d is the melt pool
diameter and h is the depth. "Melt Pool Geometry" refers to the characteristics of the
molten pool that forms when material is deposited during an additive manufacturing
process, such as Wire Arc Additive Manufacturing (WAAM). The shape and dimensions
of the melt pool play a crucial role in determining the final quality and properties of the
manufactured component.

Equation for Melt Pool Geometry (Cylindrical): The equation V_melt = n x (d/2)*2 % h
quantifies the volume of the melt pool, where:
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"V_melt" is the volume of the molten material, "d" is the diameter of the melt
pool, and "h" is the depth or height of the melt pool.

4. Cooling Rate (CR): The rate at which the molten material solidifies and cools down.
Equation: CR = AT / At, where AT is the temperature change and At is the time interval.
There are a number of elements that affect the cooling rate in WAAM, including:

e Deposition Rate: As more material is added quickly, a higher deposition rate might
result in quicker cooling rates.

e Heat Input: The temperature of the melt pool is influenced by the amount of energy
used throughout the process. Slower cooling rates may be the result of more heat
input.

e Material Conductivity: The thermal conductivities of various materials vary, which
has an impact on howrapidly heat is removed from the melt pool.

e Part Geometry: The dimensions and shape of the part can affect cooling rates by
affecting the way heat isdispersed.

e Layer Thickness: Because there is more material and heat involved, thicker layers
may cool more slowly.

5. Thermal Gradient (G): The change in temperature per unit distance.
Equation: G = AT / Ax, where AT is the temperature change and Ax is the distance.

6. Solidification Rate: The rate at which the molten material solidifies.
Equation: Solidification Rate = Volume solidified / Time.

e To control the solidification rate during the WAAM process, manufacturers can adjust
several factors, including heat input, deposition rate, and part geometry. Achieving
the right balance between these parameters ensures that solidification occurs at a
controlled rate, leading to the desired material properties and part quality.

e Microstructure: The solidification rate affects the size and distribution of grains
within the material. A slower solidification rate can lead to larger grains, while a
faster rate can result in finer microstructures.

e Mechanical Properties: The microstructure influenced by the solidification rate
directly impacts the material's mechanical properties, such as strength, toughness, and
ductility.

e Defect Formation: Proper solidification rates can help prevent defects like porosity
and cracking by allowing for controlled material solidification.

e Residual Stresses: The rate of solidification influences how residual stresses develop
in the material during cooling. Managing these stresses is important for part stability
and performance.
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e Cooling Control: Managing the solidification rate can help control the cooling rate,
which is important for achieving uniform microstructures and properties throughout
the part.

7. Residual Stress (6): The internal stresses that remain in a material after cooling.
Equation: 6 = E x a x AT, where E is the elastic modulus, a is the coefficient of thermal
expansion, and AT is the temperature change.

In this Equation:

"o" represents the residual stress in the material.

"E" is the elastic modulus of the material, which characterizes its stiffness.

"a" is the coefficient of thermal expansion, which measures how much the material
expands or contracts when itstemperature changes.

"AT" is the temperature change experienced by the material during the cooling process.
Rigorous process planning, optimization, and post-processing are required for

controlling and reducing residualstresses in WAAM.

e Heat Treatment: For better part integrity, controlled heat treatments can assist
redistribute residual stressesand relieve them.

e Implementing progressive cooling techniques: It can assist prevent the
development of abrupt thermal gradients and decrease the accumulation of residual
stress.

e Process Parameters: The rate and distribution of residual stress production can be
affected by changing parameters including heat input, travel speed, and layer
thickness.

e Simulation: Computer simulations can simulate and forecast the development of
residual stresses, whichbenefits process improvement.

e Design of the Part: Design factors, such as part geometry and build orientation,
can affect how residualstresses are distributed.

Making high-quality components with WAAM necessitates balancing the
demand for suitable material characteristics and dimensional accuracy while limiting
harmful residual stresses.

8. Weld Penetration Depth (dP): The depth to which the welding arc penetrates the
workpiece.
Equation: dp = K x I x t /v, where K is a constant, | is the current, t is the time, and v is

the travel speed.

In this equation:

"dP" represents the depth of penetration of the welding arc.

"K" Is a constant that accounts for various factors influencing penetration.
"I" is the current flowing through the welding arc.
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"t" is the time during which the welding process occurs. "v" is the travel speed of the
welding head

9. Deposition Efficiency (DE): The ratio of deposited material to the total material fed.
Equation: DE = (Deposited Mass / Fed Mass) x 100%.

In order to control the weld penetration depth in WAAM, process parameters
must be adjusted to reach therequired depth while retaining other crucial elements:

Controlling the Weld Penetration Depth in WAAM involves adjusting process
parameters to achieve the desireddepth while maintaining other critical factors:

e Current and Voltage: Proper welding current and voltage settings have an impact on
the energy input intothe process, which in turn has an impact on penetration depth.

e Travel Speed: Changing the travel speed affects how much heat is applied and how
much material melts,which affects penetration.

e Heat Input: The amount of material that melts and, as a result, the penetration
depth are both influencedby the welding arc's heat input.

e The depth to which the arc penetrates a material depends on its conductivity,
thermal qualities, andmelting characteristics.

e Part Geometry: The thickness of the workpiece material and its shape both affect
how far the welding arccan go.

10. Layer Height (h_layer): The thickness of each deposited layer.
Equation: h_layer = D x (1 - Overlap), where D is the deposition width and Overlap is the
overlapping factor.

In Wire Arc Additive Manufacturing (WAAM), "Layer Height" (h_layer) refers to
the vertical thickness of each individual layer that is deposited throughout the additive
manufacturing process. The overall build quality, part correctness, and mechanical
qualities of the components produced by additive manufacturing are greatly influenced
by the layer height[11].

In this equation:

"h_layer" represents the height of each deposited layer.

"D" is the deposition width, which is the horizontal distance covered by the welding arc
during material deposition.

"Overlap™ is the overlapping factor, which represents the extent to which
successive layers overlap each other. These are just a few examples of equations and
factors that can be relevant to WAAM manufacturing. The specificequations and factors
used in WAAM can vary based on the process setup, materials, and desired outcomes.
It's important to consult literature and resources specific to your application to get
accurate equations and factorstailored to your needs.
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11. Relevance to WAAM: A crucial parameter that affects several facets of additive

manufacturing is layer height in WAAM:

e Build Accuracy: The final component's vertical resolution is determined by the
layer height. Finer features andbetter surface polish result from a lower layer height.

e Mechanical Properties: The layer height can have an impact on the part's strength
and resistance to fatigue.

e Process Parameters: Altering the feed rate, heat input, and travel speed can change
the layer height.

For the WAAM process to produce accurate, high-quality, and functionally
reliable components, layer height mustbe balanced with other process variables.

VI IMAGE PROCESSING TO MEET WAAM SPECIFICATIONS

Image processing for Wire Arc Additive Manufacturing (WAAM) involves using

digital image analysis techniques to capture, process, and analyze images related to the
manufacturing process. This can include images of the molten pool, deposited layers, and
other aspects of the WAAM process[10]. Image processing is crucial in WAAM for several
reasons:

1.

Process Monitoring and Control: Image processing allows real-time monitoring of the
additive manufacturing process. By analyzing images, operators can detect anomalies,
defects, and deviations from the desired parameters. This enables timely adjustments to
prevent or mitigate issues during the build, enhancing the overall quality of the
manufactured parts.

Defect Detection: Image processing techniques can identify defects such as porosity,
cracks, lack of fusion, and irregularities in deposited layers. Detecting these issues early
on allows for corrective actions to be taken before they impact the final part quality.

Quality Assurance: Through image analysis, manufacturers can ensure that the
deposited layers conform to specifications. This is crucial for meeting quality standards
and maintaining consistent part quality across different manufacturing runs.

Layer Registration and Alignment: Image processing can be used to align and register
each successive layer accurately. This is vital for achieving dimensional accuracy and
preventing cumulative errors that might occur if layers are misaligned.

In-Process Feedback: Real-time image analysis provides feedback on the quality of the
current layer being deposited. This can enable adaptive control systems to adjust process
parameters dynamically, optimizing the build quality.

Process Optimization: By analyzing images of the molten pool and deposition process,
manufacturers can identify opportunities for process optimization. This includes adjusting
parameters to achieve desired outcomes more efficiently.

Copyright© 2024 Authors Page | 58



Futuristic Trends in Mechanical Engineering
e-ISBN: 978-93-5747-908-0
I1P Series, Volume 3, Book 4, Part 1, Chapter 5

IMAGE PROCESSING FOR WIRE ARC ADDITIVE MANUFACTURING CONTROL AND MONITORING

7.

Research and Development: Image processing allows researchers to gain insights into
the behavior of the molten pool, material flow, and thermal characteristics. This
information can lead to advancements in WAAM process understanding and
optimization.

Documentation and Traceability: Capturing images throughout the WAAM process
provides a visual record of the manufacturing steps. This documentation is valuable for
traceability, analysis, and quality audits.

Automation and Industry 4.0: Integrating image processing into WAAM contributes to
the advancement of smart manufacturing. Automated systems can use image analysis to
make real-time decisions, reducing the need for manual intervention.

In summary, image processing is essential to contemporary manufacturing
techniques like WAAM. It improves process oversight, defect identification, and quality
control, which eventually results in better part quality, less waste, and greater
effectiveness. Image processing will become more crucial as the manufacturing sector
adopts automation and data-driven decision-making in order to produce high-quality
additively madecomponents|[8].

IX. APPLICATIONS FOR WAAM

Wire Arc Additive Manufacturing (WAAM) has a wide range of applications across

various industries due to its unique capabilities and advantages. Some notable applications of
WAAM include:

1.

Aerospace Industry: WAAM is used to manufacture aerospace components such as
engine parts, airframe structures, and landing gear components. Its ability to create large-
scale, complex, and customized parts makes it well-suited for the aerospace sector.

Automotive Industry: WAAM is employed in the automotive sector to fabricate
components like engine blocks, transmission parts, and chassis components. The
technology's cost-effectiveness and potential for lightweight design contribute to its
adoption in this industry.

Oil and Gas Industry: WAAM is utilized to create parts for oil rigs, pipelines, and other
equipment used in the oil and gas sector. The ability to manufacture large and corrosion-
resistant components is particularly beneficial in harsh operating environments.

Marine Industry: WAAM finds application in the marine industry for manufacturing
ship components, propellers, and offshore structures. Its ability to create parts with
excellent mechanical properties and resistance to corrosion is valuable in marine
applications.

Energy Industry: In the energy sector, WAAM is used to create components for power
generation and distribution, including turbine blades, generator parts, and heat
exchangers. The technology's flexibility and potential for rapid prototyping are
advantageous in this field.
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6.

10.

Tooling and Molds: WAAM is employed to fabricate tooling, molds, and dies used in
various manufacturing processes. The technology's ability to create complex shapes and
customization is beneficial for producing specialized tooling.

Research and Prototyping: WAAM is utilized for research purposes and rapid
prototyping of new designs. It allows researchers and engineers to quickly produce
prototypes for testing and validation before moving to full- scale production.

Repair and Maintenance: WAAM is used for repairing damaged or worn-out
components, particularly in industries where large and expensive parts are involved. It
can extend the lifespan of critical equipment and reduce downtime.

Customized and Low-Volume Production: WAAM is suitable for producing
customized and low-volume components that may not be feasible using traditional
manufacturing methods. It enables cost-effective production of small batches with
specific geometries.

Defense and Military Applications: WAAM s utilized in the defense sector for
producing components suchas military vehicles, armored vehicles, and other specialized
equipment.

Overall, WAAM offers the capability to create large, intricate, and functional
metal components with reduced material waste and lead times. Its versatility, cost-
effectiveness, and potential for customization make it a valuable technology in various
industries seeking innovative manufacturing solutions.

COST WITH WAAM PROCESS

The cost of Wire Arc Additive Manufacturing (WAAM) involves multiple factors,

including equipment, materials, labor, energy consumption, post-processing, and more. The
specific cost breakdown can vary based on factors suchas the complexity of the parts being
produced, the size of the components, the chosen materials, and the level of automation in the
process[9]. Here's a general overview of cost considerations for WAAM:

1.

Equipment Costs: WAAM requires specialized equipment, including welding
machines, robotic systems, and wire feeders. The cost of this equipment can vary
significantly based on the manufacturer, capacity, and features.

Material Costs: The cost of the metal wire used for deposition is a significant factor.
Material selection can impact the overall cost, as different metals have varying prices.

Labor Costs: Skilled operators and technicians are needed to set up, monitor, and
maintain the WAAM process. Labor costs include programming, process control, and
quality assurance.

Energy Consumption: The energy required for welding and powering the equipment
contributes to the overall cost. Energy efficiency measures can help mitigate this expense.
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5.

10.

11.

Post-Processing: Depending on the application, post-processing steps such as machining,
surface finishing, and heat treatment might be necessary. These steps add to the total cost.

Overhead Costs: Overhead costs include facility expenses, maintenance, insurance, and
administrative costs associated with running the WAAM operation.

Maintenance and Repairs: Regular maintenance and occasional repairs of equipment
can add to operational costs.

Consumables: Consumables such as welding electrodes, shielding gas, and other
auxiliary materials contribute to the ongoing cost of production.

Waste and Material Utilization: Material waste generated during the deposition process
can impact material costs. Efficient use of materials and minimizing waste are essential
for cost control.

Automation and Efficiency: High levels of automation and process optimization can
reduce labor and energy costs over time.

Customization and Complexity: The complexity of the parts and the level of
customization required can impact the time and resources needed for programming and
production.

It's important to conduct a comprehensive cost analysis specific to your
manufacturing scenario to accurately determine the cost of WAAM. The benefits of
WAAM, such as reduced material waste, faster production, and the ability to produce
complex geometries, should also be considered when evaluating its cost-effectiveness
compared to traditional manufacturing methods.

XI.CONCLUSION AND FUTURE SCOPE

In conclusion, image processing has emerged as a transformative tool in the realm of

Wire Arc Additive Manufacturing (WAAM), revolutionizing the way manufacturers monitor,
control, and optimize the additive manufacturing process. By harnessing digital image
analysis techniques, WAAM practitioners can gain insights into the intricacies of the molten
pool behavior, layer deposition, and overall process dynamics. This technology brings a
multitude of advantages to the forefront:

1.

Enhanced Process Monitoring: Image processing provides real-time visibility into the
additive manufacturing process, allowing operators to identify deviations, defects, and
irregularities as they occur. This immediate feedback empowers swift interventions,
ensuring that potential issues are nipped in the bud.

Defect Detection and Quality Assurance: With image analysis, even the minutest
defects such as porosity, cracks, and lack of fusion can be pinpointed. This meticulous
defect detection enhances the quality of the final product and safeguards against the
delivery of subpar components.
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3.

Adaptive Control and Optimization: Leveraging the insights gained from image
processing, manufacturers can implement adaptive control systems that dynamically
adjust process parameters. This optimization leads to efficient material usage, reduced
waste, and enhanced part quality.

Process Understanding and Research: Image processing enables researchers to delve
into the intricacies ofthe molten pool's behavior, material flow, and thermal interactions.
This comprehension paves the way for refining process parameters, exploring new
materials, and advancing the entire WAAM technology.

Documentation and Traceability: Capturing and analyzing images throughout the
WAAM process provides a robust visual record that aids in traceability, process
validation, and compliance with quality standards.

Automation and Industry 4.0 Integration: Image processing aligns seamlessly with the
principles of Industry 4.0 by automating decision-making processes based on real-time
image analysis. This convergence drives forward the march toward smart manufacturing.

In a technology landscape characterized by rapid advancements, image processing for
WAAM stands as a bridge between traditional manufacturing and the future of
production. Its ability to harness the power of visual information propels additive
manufacturing to new heights of precision, quality, and efficiency. As manufacturers
continue to embrace the potential of image processing, the boundaries of what can be
achieved with  WAAM are being redefined, ultimately reshaping the way we
conceptualize and execute modern manufacturing processes.

REFERENCES

[1]

[2]

(3]

[4]
g
[7]
[8]
[9]
[10]

[11]

Takeyuki Abe —Dissimilar metal deposition with a stainless steel and nickel-based alloy using wire and
arc-based additive manufacturingl,Precision Engineering, Volume 45,2016,Pages 387-395,ISSN 0141-
6359,https://doi.org/10.1016/j.precisioneng.2016.03.016.

Xiangman Zhou, Haiou Zhang, Guilan Wang, XingwangBai, Three-dimensional numerical simulation of
arc and metal transport in arc welding based additive manufacturing,International Journal of Heat and
MassTransfer,VVolume 103,2016,Pages 521-537,ISSN 0017-9310

P. Rangaswamy, M.L. Griffith, M.B. Prime, T.M. Holden, R.B. Rogge, J.M. Edwards, R.J.
Sebring,Residual stresses in LENS® components using neutron diffraction and contour method,Materials
Science and Engineering:  A,Volume 399, Issues 1-2,2005, Pages 72-83,ISSN 0921-
5093,https://doi.org/10.1016/j.msea.2005.02.019.

Chunyang Xia, Zengxi Pan, Joseph Polden, Huijun Li, YanlingXu, Shanben Chen, Yuming Zhang,A
review on wire arc additive manufacturing: Monitoring, control and a framework of automated
system,Journal of Manufacturing Systems,Volume 57,2020,Pages 31-45,

ISSN 0278-6125,https://doi.org/10.1016/j.jmsy.2020.08.008.

Ding D, et al. Wire-feed additive manufacturing of metal components: technologies, developments and
future interests. Int J AdvManufTechnol 2015;81(1-4):465-81.

Harris 1D, Director A. Development and implementation of metals additive manufacturing. New Orleans:
DOT International; 2011.

Wu B, et al. A review of the wire arc additive manufacturing of metals: properties, defects and quality
improvement. J Manuf Process 2018;35:127-39.

Bourell DL, Leu MC, Rosen DW. Roadmap for additive manufacturing: identifying the future of freeform
processing. Austin, TX: The University of Texas at Austin; 2009. p. 11-5.

Ding D, et al. Towards an automated robotic arc-welding-based additive manufacturing system from CAD
to finished part. Comput Des 2016;73:66—75.

Nagesh D, Datta G. Genetic algorithm for optimization of welding variables for height to width ratio and
application of ANN for prediction of bead geometry for TIG welding process. Appl Soft Comput

Copyright© 2024 Authors Page | 62



Futuristic Trends in Mechanical Engineering

e-ISBN: 978-93-5747-908-0

I1P Series, Volume 3, Book 4, Part 1, Chapter 5

IMAGE PROCESSING FOR WIRE ARC ADDITIVE MANUFACTURING CONTROL AND MONITORING

2010;10(3):897-907.

[12] Haleem A, Javaid M. Additive manufacturing applications in industry 4.0: a review. J IndIntegrManag
2019;4(04):1930001.

[13] Dilberoglu UM, et al. The role of additive manufacturing in the era of industry 4.0. ProcediaManuf
2017;11:545- 54,

[14] Rieder H, et al. Online monitoring of additive manufacturing processes using ultrasound. 11th European
Conference on Non-Destructive Testing (ECNDT). 2014.

[15] Pan Z, et al. Arc welding processes for additive manufacturing: a review. Transactions on intelligent
welding manufacturing. Springer; 2018. p. 3-24.

[16] Chen B, Chen S. A study on applications of multi-sensor information fusion in pulsed-GTAW. Robotic
welding, intelligence and automation. Springer; 2011. p. 245-52.

Copyright© 2024 Authors Page | 63



