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ABSTRACT

This research work explores the development and implementation of a temperature-
dependent feedback control system for Wire Arc Additive Manufacturing Utilising
Tungsten Inert Gas (WAAM-TIG). The primary objectives were to enhance process
efficiency, control bead geometry, and mitigate overheating, a common challenge
in multilayer deposition. A Proportional-Integral-Derivative (PID) controller was
employed to maintain the melt pool temperature at a desired setpoint behind the
deposition point, thereby regulating bead geometry and improving the overall

quality of fabricated parts.

The in-situ monitoring system ensured arc stability by adjusting input energy in real
time, minimizing specific energy consumption and preventing overheating. This
adaptive feedback control improved process efficiency by approximately 22%,

enhancing WAAM-TIG deposition consistency.

Notable enhancements in bead geometry were achieved, with the bead height
increasing by 27.1% and the bead width decreasing by 14.7%. This resulted in
improved geometrical uniformity, a critical factor in ensuring the dimensional
accuracy of additively manufactured components. Despite these improvements in
process efficiency and geometry, the system exhibited a negligible impact on the
mechanical properties of the deposited material, including tensile strength,

hardness, and resultant microstructure.

The proposed control system enhances WAAM-TIG by ensuring real-time
temperature regulation and arc stability, enabling reliable and efficient production.
This advancement improves process control, promoting high-quality, energy-

efficient, and precise metallic components for industrial applications.
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Chapter 1 Introduction

1.1 Introduction to additive manufacturing (AM)

Additive manufacturing is a layer-by-layer fabrication technology to produce three
dimensional components. It has gained significant attention among designers,
engineers, manufacturers, and researchers due to its innovative approach to
fabricating three-dimensional components directly from CAD models. One of the
key strengths of AM is its capability to produce complex geometries or highly
intricate shapes that are difficult to fabricate using conventional manufacturing
methods[1], [2] Additionally, this technology bridges the gap between digital design
and physical realisation, enabling the production of customised and functional
components directly from virtual models. The versatility and precision of additive
manufacturing have made it an essential tool for fostering innovation and exploring
creative solutions in engineering and design. This ability to directly translate virtual
concepts into tangible products highlights the growing importance of additive

manufacturing in modern industries [3].

Additive manufacturing (AM) processes, as classified under the ISO/ASTM
52900:2021 standard, which replaces ASTM F2792:2012, are categorised into
seven types (Fig. 1.1): binder jetting, powder bed fusion, material extrusion, vat
photopolymerization, directed energy deposition (DED), sheet lamination, and

material jetting.

Binder jetting (BJ) involves using a liquid binding agent to bond layers of
powdered material, forming the final object. This technique is compatible with
materials such as metals, ceramics, and sand. Known for its efficiency and cost-
effectiveness, binder jetting is particularly advantageous for producing large

components at a high speed.

Powder bed fusion (PBF) technologies, including selective laser sintering (SLS),
selective laser melting (SLM), and electron beam melting (EBM), use focused lasers
or electron beams to selectively fuse powder particles in a bed. These processes

support a wide variety of materials, including polymers, ceramics, and metals,



enabling the creation of complex parts with excellent mechanical properties and

functional performance.

Material extrusion, represented by techniques like fused deposition modelling
(FDM), involves the use of thermoplastic filaments. The filament is melted and
deposited layer-by-layer through a heated nozzle to build the desired structure.
Material extrusion processes are popular due to their affordability, versatility, and

ease of use, making them accessible to a broad range of users.

PRl )

BINDER
JETTING

SHEET
LAMINATION

Fig. 1.1: Classification of additive manufacturing technologies (Hybrid Manufacturing

Technologies, 2023).

Vat photopolymerization encompasses methods such as stereolithography (SLA)
and digital light processing (DLP), which cure liquid photopolymer resins layer-by-
layer using lasers or projectors. These processes are renowned for their ability to
deliver high-resolution components with smooth surface finishes, making them

ideal for applications requiring precision.

Directed energy deposition (DED) employs focused energy sources, such as
lasers, electron beams, or arcs, to melt and deposit material layer-by-layer. Both
powder and wire can serve as feedstock for this process, which is commonly used

in repair, surface cladding, and the production of large-scale components.



Sheet lamination involves bonding layers of adhesive-coated sheets, often made
from materials like paper or metal, to construct the desired object. This category of
additive manufacturing includes techniques such as laminated object manufacturing
(LOM). Sheet lamination is known for its cost-effectiveness and the unique ability
to combine different materials within a single build, making it suitable for diverse

applications.

Material jetting (MJ) operates similarly to a traditional 2D inkjet printer but in a
three-dimensional context. In this process, material is precisely deposited onto a
build platform either continuously or using a drop-on-demand (DOD) method. Each
layer is solidified using ultraviolet (UV) light to form the final structure. The
materials compatible with this technique are limited, as they must have a viscosity
that allows for droplet formation. Polymers and waxes are the most used materials

due to their suitability for the process.

This classification highlights the diversity of additive manufacturing technologies,

each suited to specific applications and material requirements.

In recent years, numerous additive manufacturing (AM) processes have been
developed, yet they all follow a similar fundamental workflow (Fig. 1.2). The
process starts with creating a computer-aided design (CAD) model, which acts as
the digital blueprint of the object to be manufactured. Once the CAD model is
complete, it is converted into an STL (Standard Tessellation Language) file. This
file format represents the geometry of the object by breaking it down into a series

of interconnected triangles.

Specific parameters, such as layer thickness and infill density, are assigned to each
layer during the preparation stage. This step generates the necessary instructions for
the additive manufacturing (AM) system, enabling it to construct the object layer

by layer.



CAD model
STL conversion
Transfer to AM system and slicing
Parameter setup
Printing

Part removal
Post-processing
Application

(oI e R

Fig. 1.2: Generic additive manufacturing process (Gibson et al., 2010).[4]

1.2 Overview of key studies in WF-DED

1.2.1 Wire-fed directed energy deposition (WF-DED) processes

Wire-fed directed energy deposition (WF-DED) is an additive manufacturing (AM)
technique that uses metallic wire as the feedstock material. It could be broadly
classified based on the utilised energy source, Fig. 1.3. Here, the focused energy
source, such as a laser beam, electron beam, or arc, melts the fed wire and is
continuously deposited onto a substrate or build platform. Once a layer solidifies
the process continues to construct the desired three-dimensional component layer
by layer. WF-DED is highly efficient for producing large-scale components,
performing repairs, and conducting cladding applications due to its high deposition
rates and minimal material waste, making it a more economical approach compared

to powder-based technologies.
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Fig. 1.3: Classification of directed energy deposition (DED) processes.[5]

1.2.2 Wire arc additive manufacturing (WAAM-TIG)

Wire arc additive manufacturing utilises tungsten inert gas (WAAM-TIG) as a heat
source is a metal additive manufacturing process. It employs a non-consumable
tungsten electrode and continuous feed of wire for its melting and deposition when
fed into the stabilised TIG arc. WAAM-TIG is known for its superior control of
input parameters, resulting in high-quality metal parts with refined microstructures
and minimal residual stresses. This method is particularly suitable for processing
reactive metals such as titanium, aluminium and others, due to its stable arc and low
contamination risk. Despite its advantages, WAAM-TIG has limitations, including
relatively slow deposition rates and the need for precise parameter control to prevent
defects such as porosity and oxidation. Recent advancements focus on real-time
monitoring, adaptive control, and multi-material deposition to enhance the

efficiency and versatility of WAAM-TIG for industrial applications.
1.2.3 Wire Arc Additive Manufacturing (WAAM-MIG)

Wire arc additive manufacturing utilises metal inert gas (WAAM-MIG) as a heat
source. It uses a consumable wire electrode fed coaxially for its melting and

deposition of material layer by layer. This coaxial feeding of wire offers more

5
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control of the deposition process than WAAM-TIG, making it more suitable for
large-scale component fabrication. WAAM-MIG is widely used for materials such
as steel, aluminium, and nickel-based alloys due to its efficiency and cost-
effectiveness. However, challenges such as excessive heat input, spattering, and
uneven bead geometry can impact the quality of the final part. To overcome these
issues, researchers are integrating advanced control systems, pulsed MIG
techniques, and real-time monitoring to improve bead uniformity and minimise
thermal distortions. The growing application of WAAM-MIG in industries such as
aerospace, automotive, and heavy machinery highlights its potential for producing

complex, large-scale metallic structures.

1.2.4 Wire Laser Additive Manufacturing (WLAM)

Wire laser additive manufacturing (WLAM) utilises a high-power laser beam as a
heat source and feed of wire feedstock externally similar to the WAAM-TIG. Since
the process utilises a concentrated energy source of the laser, it ensures controlled
melting and minimal heat-affected zones, which results in superior surface finish
and mechanical properties compared to arc-based technologies. WLAM is
particularly advantageous for applications requiring high accuracy and minimal
material wastage, such as aerospace and biomedical industries. However, challenges
include the high cost of laser systems, stringent process control requirements, and
the need for advanced sensing technologies to maintain deposition accuracy.
Ongoing research focuses on optimising laser power, wire feed rates, and closed-
loop feedback systems to enhance process stability and material compatibility.
WLAM’s ability to produce complex geometries with high precision makes it a

promising technology for next-generation metal additive manufacturing.
1.2.5 Other wire -based systems

Beyond WAAM-TIG, WAAM-MIG, and WLAM, other notable methods include
wire electron beam additive manufacturing (WEBAM), which operates in a vacuum
for deep penetration and high efficiency, making it ideal for aerospace and nuclear
applications. Plasma arc wire deposition (PAWAM) provides higher energy density,

improving deposition quality for materials like titanium. Wire induction additive



manufacturing (WIAM) uses electromagnetic induction for efficient, contactless
heating, benefiting electrical and structural applications. Cold metal transfer (CMT)
wire deposition minimises heat input, reducing distortions and making it suitable
for automotive and lightweight aerospace components. Additionally, Hybrid Wire-
DED, which combines arc and laser heating, enhances deposition speed and
precision. Each process offers trade-offs in deposition rate, heat input, and control,
with selection depending on factors like material type, part geometry, and

application-specific requirements.

1.3 Review of pertinent literature in in-situ monitoring and

feedback control system

Numerous studies have demonstrated that real-time monitoring of power
consumption, alongside variations in voltage and current, can serve as a reliable
indicator of deposition quality. Researchers have explored additional input
parameters such as deposition speed, wire feed speed (WFS), and associated output
parameters, including temperature, acoustic emissions, and spectral radiation
analysis to better understand and optimise the process. These investigations
highlight the importance of process control in ensuring consistent deposition quality

and mitigating defects that arise from uncontrolled parameter variations.

The traditional WAAM process predominantly relies on open-loop control systems,
which lack the capability to adapt in real-time to fluctuations in process parameters.
This limitation often leads to thermal inconsistencies, resulting in uncontrolled bead
formation, variations in fusion depth, and defects that degrade the final component
quality. Therefore, the incorporation of feedback-based control mechanisms has
emerged as a promising approach to stabilise process parameters in real time,

ensuring superior deposition quality and enhanced consistency [6], [7].

A comprehensive review by Kumar et al. (2022) summarised various analytical
approaches, sensor technologies, and control strategies employed by different
researchers to improve the quality of WAAM-produced components [8]. Similarly,

Lebar et al. (2012) demonstrated that real-time voltage and current acquisition could



be effectively implemented using an isolation amplifier coupled with a voltage
divider for voltage sensing and a Hall-effect sensor for current measurement (Fig
1.4). Their study, focused on metal inert gas (MIG) welding, established that
fluctuations in voltage and current significantly influence the bead geometry,

reinforcing the need for precise control in WAAM applications|8], [9].

Isolation amplifier

Amplifier _1_(,‘\1)'
Isolated T

Uour dual output |\|
DC/DC converter )
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- - DC/DC

converter

)

Electrical wire Semiconductor

Fig. 1.4: (a) hall effect sensor (b) electronic circuit for voltage modification [9]

In efforts to regulate deposition quality, researchers have also explored feedback-
based control of wire feed speed (WFS). Xia et al. (2022) utilised a CCD camera
for melt pool monitoring, implementing a model predictive control (MPC)
framework to real time adjust bead width. Their findings revealed that WES has a
direct correlation with bead width, which can be effectively controlled through
adaptive regulation [10]. Additionally, studies have shown that WFS and deposition
speed jointly influence bead geometry, where an increase in WFES enhances bead
height, whereas a higher deposition speed reduces bead width due to rapid material
deposition and constrained spreading. A PID-based feedback control mechanism
has also been employed to regulate deposition speed and weld penetration depth
[11]. Kejie et al. (2010) demonstrated that a controlled welding speed in gas
tungsten arc welding (GTAW) significantly improves weld bead uniformity and
penetration depth. Their work underscores the importance of real-time adaptive

control in achieving optimal weld integrity and uniformity [12].

The interlayer temperature and dwell time between successive layers play a critical

role in determining the bead geometry and overall structural integrity of the



deposited material. Various studies have explored the importance of maintaining a
controlled thermal profile to enhance deposition quality and improve mechanical
properties. Baier et al. (2022) utilised in-situ thermal imaging to actively monitor
interlayer temperature and dwell times, ensuring a reproducible and uniform wall
geometry [13]. Their research highlighted that maintaining an optimal interlayer
temperature around 300°C resulted in greater stability of the fabricated component.
By carefully regulating thermal fluctuations, they were able to minimise distortions
and inconsistencies, demonstrating the significance of real-time temperature
management in achieving uniform bead formation. Similarly, Wang et al. (2021)
developed a structured control and monitoring system focused on regulating layer
width. They implemented a closed-loop, collaborative control strategy that adjusted
the welding current to ensure that the width and reinforcement of the weld bead met
the desired specifications. Their experimental findings confirmed that real-time
modifications to the molten pool width and reinforcement levels significantly
improved deposition reliability. This study provided valuable insights into how
adaptive control strategies can refine bead geometry and reinforcement-controlled
reliability [14]. Jorge et al. (2022) assessed the suitability and limitations of
employing infrared pyrometry to measure interlayer temperature in WAAM-MIG
(Fig 1.5). Their research suggested that both open-loop and closed-loop control
techniques could be explored to preserve the geometric and metallurgical integrity
of the wall throughout the deposition process. This underscores the importance of
precise thermal control in mitigating defects such as irregular bead formation,

residual stresses, and material inconsistencies [15].

Fig. 1.5: Strategies for interlayer temperature measurement in thin wall WAAM: (a) Upper

pyrometer strategy; and (b) sideward Pyrometer strategy [15]

(b)



In summary, the thermal behaviour of the deposition process plays a critical role in
shaping the characteristics of the deposited bead. It directly affects deposition
quality, material microstructure, residual stresses, and overall structural integrity.
Effective temperature management is essential to achieving optimal cooling rates,
which in turn influence grain refinement and phase transformations, leading to
improved mechanical and metallurgical properties. Furthermore, maintaining a
stable thermal profile minimises thermal distortions, enhances dimensional
accuracy, and reduces the likelihood of defects such as porosity and cracks, ensuring

superior build quality and structural reliability [16 - 19].

In recent years, Khan et al. (2022) introduced a real-time feedback-based control
system for monitoring and regulating deposition temperature. Their study
demonstrated that actively controlling temperature could alter bead geometry and
mechanical properties in a controlled manner. By employing a two-colour ratio
pyrometer, they accurately measured deposition temperature and implemented a
PID-based feedback control system for single-layer bead deposition. This marked
an important step towards integrating closed-loop thermal management into
WAAM processes [20].

However, WAAM typically involves multilayer bead deposition, where thermal
inconsistencies tend to accumulate as the number of layers increases. The present
study builds upon this concept, extending its applicability to multilayer fabrication.
By implementing real-time monitoring of electrical current and voltage, a more
comprehensive integrated feedback system was developed to ensure consistent bead

quality across multiple layers.

1.4 Objective and scope of the thesis

The concept of Industry 4.0 was proposed for the fourth industrial revolution, which
integrates automation, cloud computing, big data, and the internet of things (IoT)
into modern manufacturing industries. This thesis aims to enhance both the

automation level and intelligence of the WAAM-TIG process.

10



The primary objective of this research is to analyse the inconsistent thermal
behaviour of deposited beads as the number of layers increases in the WAAM-TIG
process. Real-time monitoring of electrical current and voltage has been integrated
into the system to study their immediate impact on bead quality. By capturing and
analysing these process parameters, the study aims to understand how fluctuations
in thermal conditions affect deposition consistency, material integrity, and overall
process stability. Addressing these thermal inconsistencies is crucial for improving

the reliability and repeatability of multi-layered additive manufacturing.

To achieve this, a feedback control system has been developed to maintain a
constant setpoint temperature during deposition. This ensures stable heat input,
minimising defects such as overheating, excessive dilution, and irregular bead
geometry. Furthermore, the study evaluates process efficiency by comparing the
feedback-controlled system with a conventional open-loop system. Key
performance indicators, including bead geometrical stability (width and height),
specific energy consumption, hardness, and mechanical strength, are assessed to
quantify improvements. The findings from this research will contribute to the
development of more efficient, precise, and energy-optimised WAAM-TIG

processes for industrial applications.

1.5 Thesis outline

This thesis organisation is as follows:

Chapter 1, “Introduction” gives an overview of additive manufacturing fundamentals, key
requirements, techniques, key literature on wire-fed DED (WF-DED), focusing on
metal AM, and arc-based heat sources. It outlines research objectives for enhancing

the WAAM-TIG process and provides a structured thesis outline.

Chapter 2, Outlines the "Experimental Setups and Instrumentation" utilised in this

thesis research.

Chapter 3 gives an overview of In-situ voltage—current—temperature monitoring

during WAAM-TIG for single and multi-layer deposition.

(N



Chapter 4, Focuses on “Implementation of temperature dependent feedback control
system to improve the process efficiency of WAAM-TIG” to regulate the properties
of the deposited bead. Comprehensive experiments and validations are provided to

demonstrate the concept and its practical application.

Chapter 5 provides a holistic “Conclusion” to the entire work.
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Chapter 2
Experimental setups and instrumentation

2.1 Introduction

The experimental studies involved the use of various machines, instruments, and
advanced techniques to explore different phenomena. This chapter provides an in-
depth description of the key tools and methods employed throughout the research.
It includes a thorough overview of the experimental setups, equipment,
characterisation techniques, and data acquisition procedures utilised during the
investigations. Detailed descriptions of specific experiments and methodologies are

presented within their respective chapters.
2.2 WAAM- TIG setup

Fig. 2.1 illustrates the schematic representation of the WAAM-TIG system,
highlighting its key components and their functions. The system is equipped with a
TIG power source (Migatronic PI-350 AC/DC), which provides a stable and
controllable arc for precise heat input. The wire feeder (Migatronic) is responsible
for delivering the filler wire independently, with a maximum wire feed speed of 5

m/min, ensuring consistent material deposition during the process [21].

The WAAM-TIG system is automated using a CNC gantry and a Mach3 controller,
ensuring precise torch and wire feeder movement along the programmed toolpath
for accurate layer-by-layer deposition. The inert gas shielding system prevents
oxidation, maintaining material quality, while real-time monitoring sensors track
voltage, current, and temperature to detect anomalies such as heat accumulation and
deposition inconsistencies. These integrated features enhance process efficiency,
stability, and reliability, making WAAM-TIG ideal for fabricating high-quality

metal components with complex geometries.
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Fig. 2.1: Schematic of WAAM-TIG system with installed different modules for in-situ monitoring
of voltage, current and temperature.

2.2.1 Current measurement

To measure the current in the WAAM-TIG process, a Hall-effect current sensor
(LA305-S, measuring range £ 500 A) is employed (Fig.2.1, 2.2). This sensor is
chosen due to its high sensitivity, non-intrusive measurement capability, and ability
to detect both AC and DC currents accurately. The Hall-effect sensor operates on
the principle of measuring the magnetic field generated by the flow of current
through a conductor. The sensor is strategically positioned in the power circuit to
capture real-time current variations during the deposition process. The sensor’s
output is an analogue signal that is conditioned and transmitted to a Data Acquisition
(DAQ) system, which then processes and records the data using LabVIEW software.

This setup enables continuous monitoring of current fluctuations.
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Fig. 2.2: Hall effect sensor-LA305-S

2.2.2 Temperature measurement

Temperature measurements during the study were performed using a non-contact
two-colour ratio pyrometer (LumaSense Technologies, IGAR-6 Advanced) (Fig.
2.3). The device operates at wavelengths of 1500—1600 nm and 2100-2500 nm for
channel-1 and channel-2, respectively. It can also function in single-channel mode,
considering radiation across the entire spectrum of both channels. The pyrometer
features a minimum response time of 2 ms and a temperature measurement range of

250 °C to 2000 °C in ratio mode, and 100 °C to 2000 °C in single-channel mode.

Fig. 2.3: Pyrometer- IGAR-6

To ensure precise targeting, the pyrometer is equipped with a visible laser sight,
enabling focus on objects with a minimum spot diameter of 2.1 mm. In order to
measure the temperature during the deposition and further for the in-situ control,

the pyrometer was focused at 12 mm behind the main melt pool. It was done to
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avoid interference of arc and electrode radiation on temperature measurement.
Monitoring at this offset provided a more stable signal for effective feedback control
during the deposition. Further, the pyrometer was set to move along with the
deposition head. It helps to capture the temperature profile along the deposition
length rather than performing the measurement at a single point. Real-time
temperature data can be monitored and recorded using the provided InfraWin
software. Additionally, the pyrometer supports communication via ASCII codes (as
outlined in the IMPAC Pyrometers IGAR-6 Advanced manual, 2019), making it
particularly compatible with the LabVIEW platform for temperature control
applications [20].

2.2.3 Voltage measurement

Voltage measurement in the WAAM-TIG process is achieved using a voltage divider
circuit in combination with an operational amplifier (INA-117) (Fig.2.1). The
voltage divider circuit is designed to scale down the high voltage across the TIG
electrode and the workpiece to a measurable range. The INA-117 operational
amplifier ensures accurate signal conditioning by minimising noise and providing
electrical isolation. The processed voltage signal is then fed into a Data Acquisition
(DAQ) system, which records real-time voltage variations. This setup allows
continuous monitoring of voltage stability, detecting fluctuations that may indicate

arc instability, improper shielding gas flow, or electrode wear.
2.3 Materials

For the experimental work, feed materials included Low Alloy Steel (ER70S-6,
density 7850 kg/m3) with a diameter of 0.8 mm. AISI 1020 low-carbon steel plate
measuring 300 x 150 x 5 mm?® was primarily utilised as the substrate material in all
experiments, unless specified otherwise. The chemical compositions of these

materials are provided in Table 1.
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Table 1.1 Chemical composition of substrate plates and filler wire (ER70S-6) [22]

Element C Mn P S Si Cr Ni Mb V Cu Fe
Mild steel 0.170- 0.3- <0.04 <0.05 0.3- - - - - - 99.08-
(AISI 0230 0.6 0.6 99.53
1020)

ER70S-6  0.09 1.6 0.007 0.007 09 0.05 0.05 0.05 0.05 0.2

Bal

The WAAM-TIG process utilised argon gas as the shielding medium to prevent
oxidation and ensure a stable arc environment, with a controlled flow rate of 10
L/min. Preliminary studies determined that an optimal combination of 130 A
welding current, 2.5 m/min wire feed speed, and 150 mm/min deposition speed

facilitated continuous and smooth material deposition.

2.4 Material characterisation

2.4.1 Sample preparation

Fig. 2.4 shows the schematic of sample locations for various analyses in a multilayer
deposited wall. To examine the geometrical, hardness, and microstructural analysis,
samples were extracted across the full build height of the bead. For strength analysis,
specimens were cut in the build direction as per ASTM E8 [23] standards presented
schematically in the subset of Fig. 2.4. All the samples were sectioned across the
cross-section using a wire electro-discharge machining (EDM) system (CONCORD
Wire EDM, DK7732). The specimens were then processed following standard
metallographic techniques to ensure accurate material characterisation. Special
precautions were taken to minimise excessive heat generation, preventing potential

damage to the samples.
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Fig. 2.4: Schematic of sample locations for various analyses in a multilayer deposited wall.

Sample preparation, adhering to established metallographic procedures, is crucial
for material characterisation. This process involves a sequence of steps to ensure
precise material analysis. The observation surface underwent polishing using
abrasive papers, ranging from coarse (~80) to fine (~2000), followed by diamond

abrasive polishing to achieve a mirror-like finish and reduce imperfections.

To reveal the microstructure, chemical etching was applied to low alloy steel using
Nital solution for 5 seconds. These etching processes allowed for the visualisation
of grain structure. Metallographic analysis provided valuable insights into grain
size, phase structures, and other material properties, facilitating detailed

examination and comparison of different material behaviours.
2.4.2 Geometry analysis

The geometrical accuracy of the deposited layers was assessed using laser
displacement sensors (Micro-Epsilon opto-NCDT 1420) to measure the bead width,
height, and layer uniformity. The analysis aimed to evaluate the impact of process
parameters on the dimensional stability of the deposited structure. The study
revealed that the implementation of a feedback-controlled system resulted in a more
uniform bead profile, reducing deviations in width and improving height

consistency.
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2.4.3 Optical Microscopy

Microstructure of cross section was observed using optical microscope (BX53M

Olympus) along the build direction.

Fig. 2.5: optical microscope setup

2.4.4 Micro-Indentation Hardness

Micro-indentation hardness testing was performed using Vickers hardness test to
evaluate the hardness distribution along the build direction, where a square-based
pyramidal diamond indenter with specified face angles is pressed into the material
under controlled conditions. After applying and removing the test force, the
diagonal lengths of the indentation are measured to determine the Vickers hardness
number (HV). This number is calculated as the applied test force F (kgf) divided by
the surface area (AS) of the indentation (mm?), as expressed by:

_ F(kgf)
HY = AS(mm?2)

The surface area (AS) is derived using the formula:

d2

AS = 18542

where d represents the average diagonal length of the indentation.
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Fig. 2.6: Vicker hardness tester setup

For this study, a Mitutoyo HM-210 Type A or UHL VMHT Vickers hardness tester
was used. A 300kgf load was applied for a total duration of 18 seconds, which
included a loading time of 4 seconds, a hold time of 10 seconds, and an unloading
time of 4 seconds. Hardness values were measured along a vertical line at the centre
of the deposited beads or multilayer structure, and the average values were taken for

comparative analysis.
2.4.5 Strength Analysis

The tensile strength of the deposited samples was analysed using ASTM-ES8 [23]
standard tensile testing procedures with a Shimadzu AGX-V universal testing

machine at a crosshead speed of 1 mm/min.

EsHimMapzu

Fig. 2.7: UTM setup for tensile test.
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Chapter 3- In-situ voltage—current—temperature monitoring during

WAAM-TIG

3.1 Introduction

Wire arc additive manufacturing utilising tungsten inert gas (WAAM-TIG) as heat
source is a widely used technique for fabricating metallic components due to its
flexibility, cost-effectiveness, and capability to build large-scale structures. Among
the key parameters influencing the deposition process, voltage, current, and
temperature play a crucial role in determining bead geometry, layer bonding, and
overall part integrity. Any fluctuations in these parameters can lead to process

instability, defects, and inconsistencies in material properties.

Traditional WAAM systems often operate in open-loop mode, where there is no
real-time adjustment of these process parameters, leading to varying thermal
profiles, distortions, and suboptimal material utilisation. However, the introduction
of an in-situ monitoring system allows for the continuous monitoring and regulation
of voltage, current, and temperature during deposition. This real-time data
acquisition and analysis provide valuable insights into the process behaviour,

enabling adaptive control strategies to optimise deposition quality and efficiency.

In this section, in-situ monitoring of voltage, current, and temperature (C-V-T) is
investigated for both single-layer and multi-layer depositions. The aim is to analyse
the effect of process conditions dynamics on bead formation, interlayer bonding,
and component stability. The findings from this study highlight the significance of
real-time monitoring in improving process efficiency, minimising defects, and

ensuring consistent deposition in WAAM-TIG applications.
3.2 In-situ C-V-T monitoring during single-layer deposition

Fig 3.1 presents the recorded profiles of current, voltage, and temperature during
the deposition of a single-layer bead. The data acquisition system effectively
captured all these parameters with high precision and minimal signal interference.
Notably, repeated experiments demonstrated consistent parameter values, indicating
reliable system performance. The deposition was performed for a length of 100 mm

for both single and multilayer bead deposition.
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Fig. 3.1: The recorded (a) voltage and current, and (b) temperature profile for single-layer bead
deposition.
The stability of these parameters plays a crucial role in ensuring uniform arc
behaviour, which is fundamental for process repeatability and quality control. A
steady arc condition directly influences the thermal distribution, melt pool
dynamics, and solidification characteristics, all of which are critical for maintaining
uniform bead geometry. This consistency becomes even more significant when
transitioning to multilayer deposition, where variations in arc stability can lead to
defects such as irregular bead profiles, excessive heat accumulation, or lack of
fusion between layers. The recorded data, therefore, serves as a strong foundation
for further investigation into multi-pass and multi-layer deposition strategies,

facilitating the development of a more robust and controlled WAAM-TIG process.
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3.3 In-situ C-V-T monitoring during multi-layer wall deposition

Fig. 3.2 illustrates the recorded current, voltage, and temperature profiles observed
during the deposition of a multilayer (10-layer) bead. The experimental data reveals
that while the recorded current and voltage remain relatively stable and consistent
across successive layers, the bead temperature exhibits a progressive increase as
additional layers are deposited. This trend suggests that heat accumulates within the

structure over time, influencing the overall thermal behaviour of the deposition

process.
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Fig. 3.2: The recorded (a) voltage and current, and (b) temperature profile for multilayer bead
deposition.

Additionally, noticeable variations in temperature stability and cooling rates were
observed with an increasing number of layers. These fluctuations indicate that the

deposited material retains heat for extended periods, leading to prolonged thermal
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exposure. As a result, continuous energy input without adequate heat dissipation can
result in excessive heat buildup, increasing dwell time and the risk of overheating.
This phenomenon is attributed to a shift in the dominant heat transfer mechanisms.
In the initial layers, conduction plays a significant role in dissipating heat through
the substrate and surrounding material. However, as the deposition progresses,
conduction efficiency diminishes, and convection and radiation become the primary
modes of heat transfer. This transition reduces the overall heat dissipation rate per
unit time, creating a higher thermal gradient within the material. Consequently, the
accumulation of heat contributes to a larger melt pool, enhanced fusion depth, and

potential instability in bead geometry (Fig.3.3) [24].

Greater Greater Qcony. + Qrag. 10
Qconv. + Qrag, to surroundings surroundings
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" Additional Qe to
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Heat transfer at first pass Heat transfer for thin wall Heat transfer for multilayer deposition

with adjacent weld beads

(@) (b) (c)

Fig. 3.3 Schematic diagram of the heat dissipation modes, conduction (Qcond), convection (Qconv),

radiation (Qyaq) [24]

The implications of this overheating are critical, particularly for multilayer wall
deposition. Excessive heat retention can lead to deteriorating bead quality, causing
an increased aspect ratio in previously deposited layers. This thermal imbalance
may also compromise the structural integrity of the build, introducing defects such
as warping, residual stress accumulation, and crack formation. These defects
adversely impact the mechanical properties of the final component, reducing its

reliability and performance in practical applications.

To address these challenges and ensure stable thermal conditions throughout the
multilayer deposition process, a real-time feedback control system was developed.
This system continuously monitors the bead temperature and real time adjusts the

input energy to prevent excessive heat buildup. By actively regulating power based
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on temperature fluctuations, the control mechanism enhances process stability,
ensures uniform bead geometry, and minimise the risk of thermal-induced defects.
This approach is essential for achieving high-quality, defect-free multilayer
structures in WAAM-TIG, improving both mechanical integrity and overall process

efficiency.

3.4 Results and discussion

The real-time monitoring of voltage, current, and temperature during both single-
layer and multi-layer WAAM-TIG deposition provided critical insights into process

stability, thermal behaviour, and deposition quality.

In single-layer deposition, the recorded voltage and current profiles exhibited
minimal fluctuations, ensuring a stable arc and uniform energy input, which
contributed to controlled melt pool formation and consistent bead geometry. The
temperature profile showed predictable heating and cooling cycles, with efficient

heat dissipation through the substrate, preventing excessive thermal buildup.

However, in multi-layer deposition, while voltage and current remained stable, the
recorded temperature demonstrated a continuous upward trend as layers
accumulated, leading to increased heat retention and prolonged cooling times. This
shift in heat transfer mechanisms, from conduction-dominated dissipation in initial
layers to convection and radiation in later stages, resulted in larger melt pools,
altered bead dimensions, and increased residual stress. The excessive thermal
accumulation posed challenges such as geometric inconsistencies, warping, and
potential degradation of mechanical properties. To address these issues, a real-time
feedback control system was implemented, real time adjusting power input based
on temperature fluctuations, effectively stabilising interlayer temperatures,
minimising thermal defects, and ensuring repeatable, high-quality multi-layer
deposition. These findings underscore the importance of precise thermal regulation
in WAAM-TIG, demonstrating that adaptive control strategies are essential for

maintaining process stability and achieving defect-free metallic structures.
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Summary

In-situ monitoring of voltage, current, and temperature in WAAM-TIG revealed
stable behaviour of these signals for single-layer bead deposition leading to uniform
bead geometry. However, with an increase in the number of layers, the temperature
signals showed inconsistent behaviour. The possible reason could be the
accumulation of heat in multi-layer deposition, which also affected the cooling rate,
bead geometry and mechanical properties (included in Chapter - 4). Therefore, in
order to minimise this heat accumulation, a real-time feedback control system is

needed to regulate input energy and improve process stability.
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Chapter 4

Implementation of temperature dependent feedback control system

to improve the process efficiency of WAAM-TIG

4.1 Introduction

Wire arc additive manufacturing using tungsten inert gas (WAAM-TIG) is an
advanced fabrication technique that requires precise control over process
parameters to ensure consistent and high-quality deposition. However, one of the
critical challenges associated with WAAM-TIG is maintaining a consistent thermal
profile throughout the deposition process. Variations in temperature could lead to
irregular bead geometry, microstructural inconsistencies, and mechanical
properties. To address these, a temperature-dependent feedback control system has
been developed and implemented in the WAAM-TIG process. This system
continuously monitors the thermal behaviour of the deposition in real time and
regulates the heat input to ensure uniform thermal conditions. Unlike conventional
open-loop systems, which operate under fixed input parameters and fail to
compensate for temperature fluctuations, the feedback-based approach enables

precise energy regulation.

This chapter presents the development and implementation of the feedback control
system, detailing its integration into the WAAM-TIG process. The effectiveness of
the system is evaluated based on improvements in deposition quality, process
repeatability, and efficiency. Key aspects such as the impact on bead geometry,
material utilisation, and mechanical integrity are studied and discussed in detail.
Through this study, the proposed control mechanism aims to establish a reliable
WAAM-TIG process, paving the way for high-quality, and defect-free additive

manufacturing of metallic components.

4.2 Development and implementation of a PID-based feedback
control system for WAAM-TIG

A dedicated feedback-based control system was developed to regulate the input
energy during the WAAM-TIG process, ensuring stable thermal conditions and

mitigating overheating challenges associated with multilayer deposition. This
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system incorporated a Proportional-Integral-Derivative (PID) controller, a widely
used control mechanism for maintaining process stability through continuous
monitoring and corrective adjustments. Since the TIG welding process operates on
a constant current principle, the feedback control system was specifically designed
to regulate input current, as it directly influences the energy supplied to the arc and,
consequently, the heat input into the deposition process. The primary objective of
this control strategy was to counteract the gradual temperature rise observed in
multilayer deposition (as illustrated in Fig. 3.2), thereby preventing excessive heat
accumulation and ensuring continuous and defect-free material deposition. The

deposition was performed for a length of 180 mm for multilayer bead deposition.

Fig. 4.1 presents the workflow of the developed feedback control system, which
integrates continuous monitoring with real-time energy regulation to maintain
optimal deposition conditions. The process begins with the tungsten inert gas (TIG)
Welding power source supplying the initial current required for the deposition. To
enable seamless automation and control, the conventional foot pedal used for
manual current adjustment in TIG welding was replaced with a data acquisition

(DAQ) system.

This foot pedal regulates the reference DC voltage instead of the actual TIG
parameter (current) available at the torch typically varying in the range of 0—10 V.
The actual current available for welding/ WAAM was found proportional to this
reference voltage where the ‘0 V’ represents the minimum and ‘10 V’ is the
maximum set TIG current on the machine, respectively. On the physical foot pedal,
with the application of the load, the potentiometer wiper position changes, which
defines the resistance (0—10 kQ) and, hence, the reference voltage. Here, it was
directly regulated by the analogue output of the DAQ system. It was done to
facilitate the direct communication between the welding power source and

implement the feedback control system [20].
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Fig. 4.1: Logical flow chart of the closed-loop feedback control system.
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The control system was programmed in LabVIEW to interface with multiple sensing
components, including a pyrometer for temperature measurement, a Hall effect
sensor for current monitoring, and a voltage divider circuit for voltage
measurement. These sensors continuously monitor the operational parameters in
real-time and transmitted the data to the control system. The measured deposition
temperature (Tin) was continuously compared against a predefined setpoint
temperature (Tset), and depending on the response, the feedback system interacts

with the power source to regulate the input energy in real time.

The effectiveness of the PID controller is heavily dependent on the appropriate
selection of its constants, i.e. proportional gain (K;), integral gain (Ti), and
derivative gain (Tq). In order to find the suitable range on these constants in WAAM-
TIG, a series of pilot experiments were performed and found through iteration as
follows, K,=0.0478, Ti=0.0023, and T4q=0.0330. These values were chosen to ensure
a balanced response between stability and adaptability. Improper tuning of these
parameters could lead to process instabilities, for example, an incorrect Kp value

could cause either excessive heating or an excessively slow response, leading to
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irregular bead formation. Similarly, suboptimal T; or T4 values could introduce
process lags or oscillations, adversely affecting deposition quality, bead uniformity,

and overall mechanical integrity [22], [24].

The feedback controller continuously receives input data from the sensors, allowing
it to make real-time adjustments to the input energy. This closed-loop control
mechanism ensures that the WAAM process maintains the desired thermal
conditions, thereby enhancing the quality and efficiency of the deposition. The
process terminates once the temperature stabilises within the setpoint range,

indicating successful control and completion of the deposition cycle.

Fig. 4.2a shows the recorded current and temperature behaviour with the developed
close-loop feedback-based control system for the deposited 10-layer wall. Here, the
setpoint temperature (Tse) was kept constant at 1250 °C and the implemented PID
controller was regulating the required input current. It was observed that the
developed control system works efficiently for multilayer deposition and could
maintain the desired set point temperature (Fig. 4.2b). Notably, the voltage remained
consistent at ~ 12 V similar to an open loop system. However, the current was
observed to diminish and later tends to stabilise with the increase in the number of

layers (Fig. 4.1a).
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Fig. 4.2: The recorded (a) voltage and current, and (b) temperature profile for multilayer bead

deposition with controller.

4.3 Results and discussion

4.3.1 Effect of feedback control system on process efficiency

The system effectively maintained the desired setpoint temperature throughout the
deposition process, as depicted in Figure 4.2(b), ensuring a stable thermal
environment and the current exhibited a noticeable trend. Initially, as additional
layers were deposited, the input current gradually decreased before stabilising at a
lower value (Fig. 4.2a). This behaviour is indicative of an adaptive energy
management process. Therefore, the process efficiency of multilayer deposition in

WAAM-TIG was studied for the developed closed-loop feedback control system.

Voltage xCurrent

s wWfs
—xd?2 X_f
4 60

Specific Energy (J/mm’) = Eql

The reduction in current had a profound impact on the specific energy consumption
of the process. Specific energy, mathematically presented in Eq. 1, is defined as the
amount of energy needed to melt a unit volume of the material (J/mm?). The average
current utilised for the deposition of a layer was considered for the calculation. It
was observed that the reduction in the current significantly decreased the specific
energy requirements. The estimation of specific energy was based on the average

current utilised per layer during deposition.
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Fig. 4.3: The obtained specific energy with the number of layers, with and without a controller

It was found that the total energy consumption per unit volume of the material
decreased significantly with the increase in the number of layers (Fig. 4.3). Overall,
the implementation of the feedback control system led to a ~22% improvement in
process efficiency compared to the conventional open-loop system. This
improvement in energy efficiency directly translates into enhanced process
sustainability and cost-effectiveness. By reducing unnecessary heat input, the
feedback system not only optimised energy/material utilisation but also mitigated
the risks associated with excessive heat accumulation, such as increased melt pool

size, distortion, and residual stress development.

The ability to regulate input energy based on continuous temperature feedback not
only conserves power but also ensures process stability, reliability, and repeatability.
Such an intelligent control mechanism is crucial for industrial-scale WAAM-TIG
applications, where precision, efficiency, and sustainability are critical to achieving

high-quality additive manufacturing outcomes.

4.3.2 Effect of feedback controller on various properties
Bead profile analysis

The effect of the closed-loop feedback-based control system on bead geometry was
thoroughly analysed and presented in Fig. 4.4. A laser displacement sensor (Micro-

Epsilon opto-NCDT 1420) has been used to determine the profile geometry.
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It was observed that the controlled deposition leads to more uniform wall
deposition. The bead width decreased, and the height increased as compared to the
without controlled multilayer wall deposition (Fig. 4.4a and b). The average wall
width was found to decrease from ~ 7.2 mm to ~ 6.14 mm, whereas height was
increased from ~ 13.7 mm to ~ 17.42 mm. So, for the controlled bead geometry
profile, there is balanced deposition which is crucial for structural integrity, and it
highlights the effective material deposition and process control. The results show
the effectiveness of the control system in achieving more uniform bead geometry

and optimum material utilisation by reducing excess spread or small melt pool size.
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Fig. 4.4: The obtained bead profile for multilayer wall and microscopic images across wall height

for (a) with and (b) without controlled deposition.
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Hardness and microstructural analysis

The micro-indentation hardness and microstructural analysis were performed
(Mitutoyo HM-210 Type-A tester) to study any adverse effect of controlled
temperature deposition on mechanical properties. Fig. 4.5a shows the obtained
hardness along the height of the deposited wall. Little effect of controlled
temperature deposition was observed on measured hardness. Figure 4.4a and b
shows the obtained microstructure from the optical microscope (BX53M Olympus)
along the build direction. Insignificant change was observed in microstructures
irrespective of the mode of deposition i.e., with and without controller. In general,
the overall trend was the formation of finer grains for the initial layers, coarser

grains in the middle and again relatively finer grains at the upper regions of the wall.

In order to understand this hardness and microstructural behaviour, the cooling rate
was determined from the temperature profile of each layer across the range of
1000 °C to 250 °C throughout the cooling cycle. Fig. 4.6a shows the typical
temperature profile recorded during the deposition. It also depicts the identified
temperature (points A’ and C ) and cooling time. The mathematical equation to
calculate the cooling rate is presented in Eq. 2. The cooling rate was found to
gradually decrease with the increase in the number of layers presented in
Fig. 4.6(b), following a natural trend [22]. However, in the case of controlled
deposition, it was relatively more stable and marginally higher compared to without
controlled deposition. This could be attributed to heat accumulation, which slows
the cooling process, or heat dissipation. Comparatively, the controlled deposition
effectively manages energy input, sufficient to melt the material only, preventing
overheating and heat buildup. This ensures a stable cooling rate throughout the
deposition process. This underscores the importance of thermal control systems in
achieving consistent cooling during multi-layer deposition. The initial decreasing
trend in hardness could be attributed to thermal gradients where the heat is
dissipated into the substrate rapidly, resulting in higher cooling rates and a fine
grains microstructure.

1000 °C (A") — Reference minimum temperature, 250°C,
Cooling time (s)

Cooling rate =

..Eq.2
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Fig. 4.5: The obtained hardness behaviour with and without a controlled deposition.
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Fig. 4.6: The (a) typical temperature profile and calculation for cooling rate, and (b) the obtained

cooling rate with and without a controlled deposition.

However, the intermediate layers bear multiple heating and cooling cycles due to
layer-by-layer deposition leading to the coarsening of grains in these regions except
for the top region [25]. The marginal decrease in hardness in the central area of the

deposited wall may be attributed to the development of these coarser grains.
Strength analysis

The tensile test was also performed along the build direction to ensure good fusion
between the layers with the proposed feedback-based controlled deposition. The
procedure was performed on ASTM standard cut samples (E8) at a crosshead speed
of 1 mm/min utilising universal testing equipment (Shimadzu AGX-V). The Fig.
4.7 shows the schematic and pictorial view of the test samples before and after the

tensile test. The obtained stress-strain curve is presented in Fig. 4.8
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1.200 : e
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Fig. 4.7: The schematic and pictorial view of the test samples before and after the tensile test
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Fig. 4.8: The obtained stress-strain curve for multilayer deposited samples with and without

a controller.

The obtained ultimate tensile strength (UTS), yield strength (YS) and % elongation

values are presented in Table 4.1.

Table 4.1. The obtained UTS, YS and % elongation for, with and without the

controlled deposition.

Yield strength Ultimate tensile strength | % elongation
(YS) (UTS) (®)
With controlled 427.8 £ 17 N/mm? 546.7 + 21 N/mm? 19.64%
Without controlled 454.7 + 18 N/mm? 538.2 + 21 N/mm? 18.53%

It could be seen that the excellent YS was obtained i.e. ~80% and ~85% of UTS in
the case of with and without controlled deposition, respectively. Also, these values
were found to be in similar ranges available in the literature for low alloy steel [26],
[27]. In summary, it could be said that the successful implementation of the
proposed system could be scaled up for industrial applications without
compromising the mechanical properties. It offers significant benefits in terms of
overall process efficiency, quality, and cost-effectiveness in additive manufacturing

processes [28], [29]. An increase in wall height for the same material deposition rate
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250

is another advantage of the process which makes it a perfect choice for the

fabrication of thin-walled larger components.

4.4 Scalability analysis

The proposed temperature dependent feedback based controlled system could lead
to efficient deposition. In order to understand its effect on the fabricating of large-
size components a scalability analysis was performed. Two geometries were

considered for this analysis, schematically presented in Fig. 4.9.
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250
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Fig. 4.9: Schematic diagram of geometry -1 and geometry-2 (dimension in mm)

In this analysis, a generally used ~ 40% overlap between adjacent layers was
considered [30], [31]. It was compared based on overall energy utilisation, number
of layers, part build time and material utilisation, as presented in Table 4.1. Based
on the conducted theoretical analysis, it could be concluded that the process with
controlled temperature deposition has performed relatively better. Also, the

fabricated parts are expected to be closer to the true geometry.
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Table 4.2. Scalability analysis of two different geometries.

Feature Without With Remarks with respect to with
Controller |Controller |controller
Average layer . .
height ~1.3 mm ~1.7 mm Higher layer height
]d“.a yers (build ~193 ~147 ~46 lesser number of layers
irection)
LA -
Specific energy 745 Jmm® |~58.16 J/mm?3| ~22/° Improvement in process
efficiency
Total energy ~67.05MJ  |~44.63 MJ  |~33.43% overall energy saved
— |Part build time ~10 hr 43 min|~8 hr 10 min |~2 hr 33 min build time saved
g+|Volume Removed|~275%*10° ~142.5%10°
‘g in Post Processing |mm? mm’> ~1.04 kg wire material (or ~262
S Mass of material 216 kg ~1.12kg m length) was saved
O |removed
Average layer . .
height 1.3 mm 1.7 mm Higher layer height
Layers (build 193 147 ~46 lesser number of layers in the
direction) build direction
Layers (orthogonal ~4 additional layers in adjacent to
o ~23 ~27 o
to scan direction) the scan direction
193%23 =1147*27 =
Total no. Layers 4439 3969 ~470 Lesser layers
“n0, -
Specific energy 745 Jimm® |~58.16 Jjmm?| 2270 improvement in process
efficiency
Total energy ~951.74 MJ  |~740.82 MJ |~22.16% overall energy saved
Part build time N2.46 hr 36 N2.20 hr 30 ~26 hr 6 min build time saved
min min
500 x 250 x|500 x 250 x
« | Volume removed in [(102.2-100) [(101.9-100)
£+ | post processing ~275%10° ~237.5%10° |~0.3 kg wire material (or ~76 m
‘g mm’> mm’> length) was saved.
S Mass of material 2.16 ke ~1.86 ke
O |removed

Overall, the implementation of a temperature-dependent feedback-based control

system offers substantial advantages in additive manufacturing applications. It

enhances process stability, improves energy efficiency, and ensures consistent

mechanical properties across multilayer depositions. The scalability analysis

confirms that this system could be successfully extended to industrial applications

for the fabrication of medium to large parts.
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4.5 Summary

This chapter shows the successful implementation of the closed-loop feedback-
based control system and a detailed analysis of the various geometrical,
microstructural, and mechanical properties. A comparative study was performed
between with and without controlled deposition. Further, a theoretical scalability
analysis was also conducted to evaluate the feasibility of the feedback-based control

system for large-scale component fabrication.
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Chapter 5 Conclusions

This dissertation devotes an experimental investigation of the close-loop-based

feedback control system and its successful implementation in WAAM-TIG. It was

focused on identifying its impact on process efficiency, bead geometry, thermal

stability, and mechanical properties. The developed control system incorporated a

PID controller to regulate the input current, ensuring stable deposition temperatures

and preventing overheating during multilayer bead deposition. The recorded

current, voltage, and temperature profiles demonstrated that the system effectively

maintained process stability while significantly improving deposition consistency.

The major contributions of this thesis could be identified as follows.

Enhanced process stability and uniformity: real-time temperature
monitoring and its regulation enables the more stable and uniform bead
deposition across layers, ensuring consistent process performance. The
implemented feedback control system helped to maintain the uniform

thermal condition and improved the overall deposition quality.

Improvement in process efficiency: About 22% improvement in process
efficiency was achieved with the proposed feedback-based controlled
system. This efficiency gain was primarily attributed to optimised energy
utilisation, where the system precisely regulated the energy input to prevent

excessive heat accumulation while maintaining a steady deposition.

Bead geometry analysis: For multilayered walls, more uniformity in the
bead profile was observed with the proposed system. Also, an increase in
height of ~ 27.1% and a decrease in width of ~ 14.7% was observed which
would be advantageous for the fabrication of thin-walled larger components.
This finding could be helpful to fabricate high-aspect-ratio structures with

efficient material utilisation while maintaining structural integrity.

The system does not show any adverse effect of controlled temperature
deposition as evident from the analysed properties such as hardness,
microstructure, and strength, which fell in similar ranges. This indicates that

thermal control does not compromise material performance, making the
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system viable for industrial applications where precision and reliability are

critical.

5.2 Future work

e The conducted experimental research could be extended in future to
investigate the effect of controlled temperature deposition on the other
mechanical properties, such as fatigue resistance and residual stresses, to
enhance structural reliability.

e The work could also be extended for other materials of engineering interest.

e Further, enhancing real-time monitoring through advanced sensing
technologies and Al-driven adaptive control could be attempted to improve

precision.

These advancements may drive automation, efficiency, and broader industrial

adoption of this proposed closed loop-based feedback control system.
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