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Abstract

Additive manufacturing (AM) is the process of joining materials to make parts or objects from 3D
model data, usually layer upon layer, as opposed to subtractive manufacturing methodologies. The
additive manufacturing is also called rapid prototyping, 3D printing etc. It can produce complex
geometrical net or near-net shapes and ready to use products. Earlier it was used for fast fabrication
of prototypes to check shape, size and functions, as the AM has freedom in part design and also the
capability to reduce the production time, waste and cost. Nowadays, additive manufacturing is widely
used in automotive, aerospace, biomedical, defence, electronics and construction etc. sectors. Direct
Energy Deposition (DED) is a series of several similar metal 3D printing technologies that creates
parts by melting and fusing material as it is deposited. The combination of an electric arc as heat
source and wire as feedstock is referred to as wire arc additive manufacturing (WAAM). The arc-
based additive manufacturing processes are growing fastly in the manufacturing industry as it can
fabricate metal components in lower cost with shorter production time. The various WAAM
processes are gas metal arc welding (GMAW), gas tungsten arc welding (GTAW), plasma arc
welding (PAW). WAAM is better than other AM technologies as it provides better material
deposition, lower energy consumption and improved energy efficiency. The combination of laser as
heat source and wire as a feed stock is referred to as wire laser additive manufacturing (WLAM). The
objective of the study is to compare Wire TIG Additive Manufacturing, Wire MIG Additive
Manufacturing, Wire Laser Additive Manufacturing, Laser-TIG Hybrid Additive Manufacturing and
MIG-TIG Hybrid Additive Manufacturing under a common set of parameters and material and to
identify the efficient process based on energy utilization, bead quality (height, width and uniformity)
and material property (hardness).
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Chapter 1
Introduction

1.1  Additive Manufacturing

Additive manufacturing (AM) is the process of joining materials to make parts or objects
from 3D model data, usually layer upon layer, as opposed to subtractive manufacturing
methodologies. The additive manufacturing is also called rapid prototyping, 3D printing etc.
It can produce complex geometrical net or near-net shapes and ready to use products. Earlier
it was used for fast fabrication of prototypes to check shape, size and functions, as the AM
has freedom in part design and also the capability to reduce the production time, waste and
cost [1]. Nowadays, additive manufacturing is widely used in automotive, aerospace,
biomedical, defence, electronics and construction etc. sectors [2]. Also, the additive
manufacturing is expected to be a key technology in the fourth industrial revolution, i.e.
industry 4.0 [3]. There are a lot of material deposition techniques which divide into several
parts-

. Powder Bed Fusion

. Material extrusion

. Vat photopolymerization

. Direct Energy Deposition

. Material jetting

. Binder jetting.

. Laminated object manufacturing (LOM)

The above discussed AM includes the use of metal and its alloys, ceramics, polymer,
composites, fibres, woods etc. the broad range of work material also makes additive
manufacturing important.

1.2 Wire Arc Additive Manufacturing (WAAM)

The arc-based additive manufacturing processes are growing rapidly in the manufacturing
industry as it can fabricate metal components in lower cost with shorter production time [4].
Direct Energy Deposition (DED) is a series of several similar metal 3D printing technologies
that creates parts by melting and fusing material as it is deposited. The combination of an
electric arc as heat source and wire as feedstock is referred to as wire arc additive
manufacturing (WAAM). WAAM consist welding power source, torches and wire feeding
systems, as shown in Figure 1. The material is deposited by giving the motion to the torch
either by using CNC gantries or by robotic systems. This tool-less method is capable of
producing fully dense part in less time.
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Fig. 1: Wire Arc Additive Manufacturing [4]

Although WAAM has many advantages, few reasons are there which limits its applications:

. Heating involved in welding processes it induces residual stresses and distortion in
manufactured parts [5].

. The fabricated parts relatively poor, when compared with the laser based process,
which requires significant post- processing for application acceptance [6].

. The presence of a large number of voids between deposited layers [7].

. Automation in the field of additive manufacturing is not developed [8].

. The absence of process monitoring and control during deposition limits its

application[8]

Generally, the deposition of material in wire + arc additive manufacturing (WAAM) is done
with the help of

. Gas metal arc welding (GMAW)
. Gas tungsten arc welding (GTAW)
. Plasma arc welding (PAW)

1.2.1 WAAM parts example

The WAAM deposited bead height is generally 1 to 2 mm. The presence of surface roughness
or waviness of bead required further finishing. Due to limited research WAAM is suitable for
low to medium complex parts. Also, it has limitations means it is not suitable for small scale
parts. Figure 2a shows 1.2 m wing spar, which was deposited by plasma arc welding. Figure
2b shows the ship propeller of diameter 1.3 m; it was used in the ship after post-processing.
Figure 2c shows the wing for the wing tunnel testing. It was developed to reduce the testing
time as it can be produced in a few hours. Figure 2d shows the truncated cone with a wall
thickness of 2.5 mm. All the above discussed WAAM parts show the capability of the
process.
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Fig. 2: WAAM Parts [9]
1.2.2 Comparison of various WAAM Techniques [10]

Table 1: WAAM types based on deposition technique and its characteristics

WAAM type Power source Characteristics

GTAW-based GTAW Non-consumable electrode.
Separate wire feed process.
deposition rate: 1-2 kg/hour.
Wire and torch rotation is
needed.

GMAW-based GMAW Consumable wire electrode.
deposition rate 3-4 kg/hour.
Poor arc stability, spatter.

PAW-based Plasma Non-consumable electrode.
Separate wire feed process.
deposition rate 2-4 kg/hour.
Wire and torch rotation is
needed.




1.3 Gas Tungsten Arc Welding (GTAW)

Gas tungsten arc welding (GTAW), also known as tungsten inert gas welding. It is an arc-
based welding process which uses non-consumable tungsten electrode for the generation of
arc, as shown in Figure 3. The filler rod is used to fill the gap. The weld bead is protected
from oxidation by an inert gas (argon). It is useful in many applications due to its capability
to promote all three types of welding, namely autogenous, homogeneous and heterogeneous.
Here autogenous, homogeneous and heterogeneous welding process is referring to the
process where no-filler material, the filler similar to the base material, and the filler different
from the base material is used, respectively.

Direction of [—GTAWM

—8

Power
Shielding gas

Contact tube

Tungsten electrode
(nonconsumable)

Electrical arc A~ Weld bead

Copper shoe

(optional) Shielding gas

Fig. 3: GTAW Schematic [11]

1.4 Wire Laser Additive Manufacturing (WLAM)

Laser Wire-Feed Metal Additive Manufacturing (LWAM) is a process that utilizes a laser to
heat and melt a metallic alloy wire, which is then precisely positioned on a substrate, or
previous layer, to build a three-dimensional metal part. LWAM utilizes a metal wire feedstock
and a laser to create a molten pool. A protective shield of gas is used to keep the material
being deposited uncontaminated. The process involves melting a wire with an energy source
to form a liquid bead, which is then added, layer by layer, to create the final product LWAM
technology offers several advantages, such as high speed, cost effectiveness, precision
control, and the ability to create complex geometries with near-net shape features and
improved metallurgical properties [12].
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Substrate Melting Bead

Travel Direction

Fig. 4: Diagrammatic representation of the LWAM’s bead deposition mechanism [12]

1.5 Gas Metal Arc Welding (GMAW):

GMAW, also known as MIG (Metal Inert Gas) welding, is a widely used WAAM process. It
employs a consumable wire electrode and a shielding gas to protect the arc and molten pool
from atmospheric contamination. GMAW-WAAM offers good control over the deposition
rate and is commonly used for fabricating large-scale parts [13].

MIG WELDING Machine-fed

Maolten weld pool

Base Metal

Fig. 5: GMAW Schematic [13]



1.6 Laser-T1G Hybrid Welding (LTHW)

LTHW uses both laser and TIG for welding. The wire is fed from the spool and laser and TIG
together generate heat to melt the wire and it results in formation of the weld bead. The weld
bead produced in this case has better metallurgical conditions, low distortion and improved

gap bridging.

welding direction

Fig. 6: Schematic of Laser-TIG Hybrid Welding [14]

1.7 MIG-TIG Hybrid Welding (MTHW)
MTHW uses both MIG and TIG as heating source to melt the wire which is being fed

automatically from the spool. This results in the formation of the weld bead. The weld bead
produced in this case has better metallurgical conditions.

' TIG process| {|MIG process [
collet for electrode /

electric isolation

- —

" > -
common potective "= ~
gas nozzle
tungsten
electrode
welding direction -

Fig. 7: MIG-TIG Hybrid Welding [15]




Chapter 2
Literature Review and objective formulation

2.1 Additive Manufacturing Process (WAAM)

Wau et al. discussed the various aspects of arc-based additive manufacturing (tungsten inert
gas welding, gas metal arc welding, plasma arc welding, etc.) including mechanical,
structural and microstructural properties. They also addressed that various defects commonly
observed in the process such as porosity, residual stresses and cracking, etc. are due to the
variation in thermal characteristics during the deposition. They found that the online
temperature and heat input can be controlled in a range to get the desired microstructure and
mechanical properties. Further, the changing in arc parameters and metal transfer at the same
time makes the process stable and defect-free [10].

Williams et al. reported that the wire arc additive manufacturing (WAAM) process could
replace current manufacturing trends where blooms and billets are used for manufacturing of
components. They used high-pressure interpass rolling to reduce residual stresses. However,
there are associated limitations to achieve complex geometry and make it defect-free. They
suggested that realtime temperature monitoring and feedback systems could minimise these
issues [9].

Herzog et al. reviewed the influence of the thermal cycle on the different properties of the
additively manufactured parts for laser beam, electron beam and plasma beam process. They
also define the relation between process, microstructure and properties. The effect of thermal
cycle and high cooling rates on grain structure are analysed [16].

Tapia et al. discussed the various temperature sensors that can be utilised for temperature
measurement and real-time controlling of AM. The determination of material emissivity is
very difficult, and this can be lead to inaccurate temperature measurement. Also, the AM
setups are not equipped with the customised inbuilt monitoring sensor, which limits the
process monitoring and real-time controlling [17].

Pan et al. discussed the recent research in additive manufacturing monitoring and
controlling. They find the need for automation of the process. Also, there is further research
in process control, and optimisation is required to control residual stress and distortion [8].

2.2 Tungsten Inert Gas Welding

Tungsten Inert Gas (TIG) or Gas Tungsten Arc Welding (GTAW) is a traditional method of
welding for quality products. It is useful in many applications due to its capability to promote
all three types of welding, namely autogenous, homogeneous and heterogeneous. Here this
autogenous, homogeneous and heterogeneous welding process is referring to the process
where no-filler material, the filler similar to the base material, and the filler different from the
base material is used, respectively. Many researchers have widely studied this welding
process for the welding of a broad range of material, including metals and alloys, to explore
the various advantages and the process applicability [18-22]. This non-consumable electrode
process is found useful in many other applications such as surface hardening, melting,
alloying, cladding, additive manufacturing, etc [23-31].



Kumar et al. performed surface modification in AISI 4340 steel by multi-pass TIG arcing
process. They studied the effect of process parameters by varying arcing current and travel
speed while keeping arc voltage constant at 10.5 + 1.0 V. They found that the process
improved the surface hardness and other mechanical properties. The magnitude of change in
the property was dependent on the heat input [24].

Mustafa et al. modified the steel substrate surface with TIG welding. They reported that the
alloying of SiC on the steel substrate could vary the hardness between 670 and 1165 Hv.
They also observed that with high heat input, there is a difference between surface and inner
part properties which induces residual stresses [32].

Orlowicz et al. performed the surface hardening of nodular cast iron by TIG remelting. The
TIG current and scanning speed was varied in the range of 50— 300 A and 200-800 mm/min,
respectively. They observed that the surface hardness reduces with the increase of arc current.
However, it increased with an increase in scanning speed for all current intensity studied. The
increase in hardness due to fast solidification of superficial regions contributes to the
crystallisation of cementite eutectic which transformed austenite present in the eutectic into
partly martensite. They also observed that the remelting depth and width both increased with
the increase of current intensity for all scanning speed [33].

Karamis et al. employed TIG melting and controlled chilling process to eliminate the
graphite phase nodule from the cast iron. They found chilling process could not eliminate the
graphite phases from nodular cast iron while an almost nodule-free surface was obtained by
the TIG melting process. They reported that the depth and width of the change in
microstructure could be controlled more effectively with an automated system [34].

Lv et al. compared the cladding of hot and cold copper wire on the steel substrate. An
additional TIG arc was used for heating of the wire. They found that below 240 A the
spreadability of hot wire was better than the cold wire. They also found that the cladding
hardness improved with the increase of current and dependent on Fe content [35].

Guijun et al. used the laser for cladding purposes and concluded that the dilution of the
powder is mainly dependent on the temperature of the weld pool. Also, the dimension of the
clad layer is dependent on the temperature of the weld pool [36].

Liberini et al. used wire arc additive manufacturing (WAAM) to deposit successive layers of
materials on a low carbon steel substrate. The filler material used was ER70S-6 steel, and the
process parameters were varied to understand their effect on the final product's mechanical
characteristics. The experimental campaign included macrographic observations,
micrographic observations, and Vickers microhardness tests. The samples were analyzed
using scanning electron microscopy (SEM) and confocal microscopy to study the
microstructure and surface characteristics. The study of samples produced by Wire Arc
Additive Manufacturing technology led to several conclusions: the cooling curve had a
preeminent effect on the product microstructure, which was not substantially affected by
process parameters, three different zones were observed in all the samples: lower zone with
ferritic structure, middle zone with equiaxed grains of ferrite, and upper zone with a lamellar
bainitic structure, the difference in the three microstructures was attributed to the different
thermal history experienced by the welding beads deposited, with the upper zone affected by
stronger thermal shock, Vickers microhardness values confirmed the different
microstructures found in the samples. The study suggested a strategy to obtain a
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ferrite/bainite structure by alternating cooling cycles with water or oil between the deposition
of weld beads [37].

2.4 Wire Metal Inert Gas (MIG) Additive Manufacturing

Panchenko et al. fabricated parts using MIG arc additive manufacturing with Al7075 wire in
15 layers. Enhanced microstructural characteristics achieved with MIG arc additive
manufacturing. Improved mechanical properties and fatigue resistance were observed in
Al7075 alloy through electron beam melting. Variation in microhardness and fatigue
performance across different regions of fabricated parts [38].

Liao et al. used pulsed MIG welding in a water tank with a water depth of 200 mm to study
the of welding speed on welding process stability, microstructure and.pdf” involves
investigating the influence mechanism of welding speed on welding process stability,
microstructure, and mechanical properties of SUS304 LDU-PMIG weldments. The study
found that with the increase of welding speed from 9.0 mm/s to 16.2 mm/s, the welding
process stability first improved and then deteriorated. The weldment obtained at 12.6 mm/s
exhibited the highest microhardness, tensile strength, and elongation, which achieved 70.0%,
92.3%, and 61.6% of the base metal. The increase of welding speed led to the S-ferrite
morphological evolution from skeletal to lath, which promoted the transformation from
brittleness to ductility in the weld mechanical performance. The proportions of small-size
grains (less than 10 um) and low-angle grain boundaries (2-15°) first increased and then
decreased, which determined the same variation trend in the comprehensive mechanical
performance of weldments [39].

Khan et al. discussed a study on in-situ temperature monitoring and feedback control in the
gas tungsten arc welding (GTAW) process. The system uses a ratio pyrometer for
temperature monitoring and a data acquisition system to bridge communication between a
computer and the GTAW power source. The effects of controlled temperature on the
properties of deposited beads, such as micro-indentation hardness and bead geometry were
studied. The outcomes of the study demonstrate successful temperature control within a
broad range of 400-1600°C, with marginal errors in different experimental conditions. The
controlled temperature affects the bead properties, with higher setpoint temperatures leading
to lesser hardness and vice versa [40].

Oua et al. developed a three-dimensional heat transfer and fluid flow model for wire arc
additive manufacturing to calculate fusion zone geometries, cooling rates, and solidification
parameters. Little difference is observed in distribution at different distances from the arc
center. Small convection loop in front and larger loop in rear of molten pool and higher
surface tension gradient near front and lower in rear correlates with velocities [41].

2.4 Wire Laser Additive Manufacturing

Zhao et al. fabricated Ni/WC composite coatings using laser hot-wire deposition. The laser
hot-wire deposition system consisted of a 2 kW Nd:YAG laser, a power source, a wire feeder,
and a 3D platform. Carbon steel was used as the substrate, and a tubular cored wire consisting
of nickel sheath and mixed powders including eutectoid-structured WC/W2C particles and
other alloying elements was used for the deposition. The optimal parameters including laser
power, scanning speed, wire feeding rate, and heating current were applied to fabricate the
coatings. The samples were evaluated by scanning electron microscope, EBSD mapping, dry
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sliding wear tester, and Vicker microhardness tester. The outcomes of the study showed that
the laser hot-wire deposition method successfully synthesized finely dispersed WC particles,
resulting in improved coating hardness and wear resistance. The retained particles distributed
uniformly with a volume fraction of 29%, and the coating exhibited a microhardness of 1100
HV0.2, which was higher than that of the substrate. The wear rate of the coating was reduced
by 60% compared to the substrate, indicating improved wear resistance. The study suggests
that the laser hot-wire deposition method is a promising approach for fabricating Ni/WC
composite coatings with improved properties [42].

Baghdadchi et al. used wire laser metal deposition additive manufacturing to manufacture
duplex stainless steel components. Microstructure, chemical composition, and mechanical
properties of the components at each stage were evaluated and tested. The study found that
the microstructure of the components can be controlled by adjusting the heat input and wire
pre-heating, and implementing a cooling system to prevent an increase in temperature that
would decrease productivity. The mechanical properties of the components can be improved
by heat treatment, which homogenizes the microstructure and removes nitrides [43].

Naksuk et al. utilized a hot-wire laser welding process with the help of a KUKA robot's
robotic welding system. The welding movement relative to the substrate was generated using
a six-degree-of-freedom KUKA industrial robot arm. The study measured the Vickers
microhardness values for the hot-wire laser welding technique. The study examined the levels
of porosity in the welded parts. The root of porosity was found to be the portion of root
volume absorbed by the surrounding air, nitrogen, oxygen, hydrogen, and contamination in
the melting pool. Factors such as bulk density, root growth rate, availability of inert gas, and
temperature influenced the level of porosity. The study also investigated the mechanical
properties of the welded parts, including tensile stress, tensile strength, elongation at break,
thickness, and width [44].

Zapata et al. used a laser metal deposition system with coaxial wire feeding to investigate
the cause-effect relationships between process parameters and the resulting geometric
properties for wire-based coaxial laser metal deposition. The study focused on the deposition
of near net shape parts using laser-based processes. The process parameters, such as laser
power, wire speed and traverse speed were varied to identify suitable parameter windows for
the deposition of aluminium and stainless steel. The geometric properties of the deposited
beads, such as height and width, were measured using a 3D profilometer. The data obtained
from the experiments were analysed to determine the relationships between the process
parameters and the geometric properties. The outcomes of the research include the
identification of process windows for the deposition of aluminium and stainless steel. The
process maps show the suitable parameter ranges for achieving defect-free deposition. The
research also analysed the formation mechanisms of process defects, such as stubbing and
dripping, and proposed methods to reduce their occurrence [45].

Chuang Guo and Jiangqi Long developed a three-dimensional numerical model to simulate
the heat transfer and geometric morphology of multi-channel deposition in laser wire additive
manufacturing. The outcomes of the study showed that the lap ratio significantly affected the
geometric morphology of the deposited parts. At a lap ratio of 10%, the morphology was
uneven, while at 20%, the flatness was the best. However, at a lap ratio of 30%, the
morphology formed a slope. Based on the evaluation of surface flatness, the optimal lap ratio
was determined to be 20%, which is crucial for subsequent additive manufacturing processes
[46].
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He et al. used a coaxial double laser metal-wire deposition (LMwD) setup to deposit
Ti6Al4V alloy. The setup involved an ytterbium fiber laser system with two coaxially
mounted irradiated laser torches and a 1.0 mm diameter Ti6Al4V wire on the Ti6Al4V base
metal. The process parameters were optimized based on previous experiments, with a laser
power of 1000 W, a head feed speed of 500 mm/min, and a wire feed speed of 191 mm/min.
The microstructure was observed using scanning electron microscopy (SEM) and the element
composition was explored with energy-dispersive spectroscopy (EDS). X-ray diffraction
(XRD) was performed to investigate the element composition. The temperature and residual
stress distribution of the substrate were simulated and calculated using Simufact software.
The study found that the as-built single-bead samples displayed smooth morphology with a
high-quality surface and almost no contamination. However, the microstructure of the outer
edge area of the single-bead exhibited a thin oxide layer. The thin-wall as-built component
displayed worse oxidation resistance, with limited argon gas circulation resulting in color
changes and reduced gas protection. The study also conducted a simulation of temperature
and residual stress distribution to further clarify the microstructure characteristics [47].

Ding et al. used a laser coaxial wire feeding additive manufacturing technique to fabricate
4043 Al alloy in a vacuum environment. The study aims to understand the impact of ambient
pressure on bead shape, microstructure, and corrosion behaviour. The results indicate that
lower ambient pressure results in wider, smoother, and better-wetted bead shapes, suggesting
improved forming at lower pressures. Microstructural analysis reveals reduced porosity and
improved cellular structure at lower pressures. X-ray diffraction patterns show a decrease in
Al phase intensity and lower microhardness at higher pressures. Electrochemical analysis
demonstrates improved corrosion resistance at lower pressures in both sulfuric acid and
sodium chloride electrolytes. The study concludes that reduced ambient pressure enhances
bead formation, microstructure, and corrosion resistance in the laser wire-fed additive
manufacturing of 4043 Al alloy [48].

Eimer et al. used wire laser arc additive manufacturing (WLAM) process to deposite
aluminum zinc alloys. The WLAM system uses a gas metal arc power source to generate a
melt pool and a laser beam to control the melt pool size, enabling the production of elongated
melt pools and the addition of zinc with a cold wire without compromising process stability.
The study investigates different process parameters and configurations, their effects on
process stability, and the microstructure of the deposited material. The researchers
demonstrated the achievement of high zinc concentration in the deposited material without
macro-segregation [49].

Abuabiah et al. investigated geometric morphological properties, preparing an initial
draft covering bead deposition modeling, monitoring and control systems, and path
planning for 3D printing. The methodology included parametric modeling,
experimental data analysis, and the development of monitoring and control systems.
The study aimed to address the current limitations in LWAM technology and identify
potential areas for improvement [50].

Sun et al. deposited single-layer and five-layer using WLAM experiments to validate
transformed phases and thickness predictions. DCPM algorithm was used to simulate phase
transformations in Ti-6Al-4V during cooling. The study successfully validated the accuracy
of the density-based constituent phase simulation method through single-layer and five-layer
deposited WLAM experiments [51].
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2.4 Hybrid Additive Manufacturing

Liming et al. used three different methods using hybrid laser—TIG (LATIG) welding, laser
beam welding (LBW), and gas tungsten arc (TI1G) welding to weld AZ31B magnesium alloy.
The welding trials were conducted using specific power sources and electrode configurations.
The macrosection of the weld bead and penetration were analyzed for each welding method.
Additionally, the welding stability and element distribution in the fusion zone were
investigated. The study also involved microstructural analysis of the welded joints. The
outcomes of this research is that the welding speed of LATIG is higher than that of TIG and
is comparable to LBW. Additionally, LATIG shows double the penetration of TIG and four
times that of LBW. The hybrid welding process also improves arc stability, especially at high
welding speeds and low TIG currents. In terms of microstructure, the heat-affected zone is
only observed in TIG welding, with coarse grain size. In the fusion zone, equiaxed grains are
present, with the smallest size in LBW and the largest in TIG welding. Furthermore, the
magnesium concentration in the fusion zone is lower than that of the base zone in all three
welding processes [52].

Birdeanu et al. discussed a study on a variant of the laser-arc hybrid welding process that
combines pulsed laser welding with pulsed TIG welding. The experimental work involved
video data acquisition and thermal imaging to analyze the process dynamics. The study also
involved metallographic assays to understand the influence of process parameters on the
processing results and correlations to the process dynamics. The experimental program for
characterizing the welding process variant dynamics involved several steps, including
preliminary experimental work, experiments with different variants, and experiments with
increased travel speed. Experiments with different process variants, such as pulsed TIG-laser,
pulsed laser-TIG, and experiments without laser gas protection, to identify the recommended
variant for controlling the pulsed laser welding specific penetration variation. The results
revealed significant interactions between process parameters, leading to extended possibilities
to influence process stability and results. The study also identified the recommended variant
to attenuate the specific penetration variation of pulsed laser welding [53].

Gao et al. used a hybrid Kriging-GA model to optimize welding process parameters in
hybrid fiber laser-MIG butt welding on 316L stainless steel. The process includes three main
parts: Design of Experiment (DOE), Kriging model, and Genetic Algorithm (GA). The DOE
involves determining the range and levels of each variable and conducting Taguchi
experimental design. The Kriging model is used to approximate the relationship between
process parameters and weld geometry, while the GA is utilized to optimize welding process
parameters. The fitness value is defined as the predicted value obtained by the Kriging model.
The outcomes of the study include the identification of dominant influencing factors on weld
geometry, which were found to be power and current. The hybrid Kriging-GA model was
able to optimize welding process parameters with acceptable accuracy. Additionally, the
microstructure and micro-hardness of the optimized weld were found to be more beneficial
for the improvement of the quality of the welded joint. These outcomes demonstrate the
effectiveness of the proposed methodology in optimizing welding process parameters for
hybrid fiber laser-MIG butt welding on 316L stainless steel [54].

Yan et al. compared the microstructure and mechanical properties of 304 stainless steel joints
produced by TIG welding, laser welding, and laser-TIG hybrid welding. The welding process
involved the use of a 5 kW CO2 laser and a conventional DCEN TIG welder. The joints were
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analyzed for macrostructure, microstructure, phase composition, and mechanical properties.
The X-ray diffraction was used to analyse the phase composition, while microscopy and
tensile tests were conducted to study the microstructure and mechanical properties of the
joints. The fractured surface morphology of the specimens was analyzed using scanning
electron microscopy (SEM). It was found that laser-T1G hybrid welding resulted in higher d-
Fe content and a different microstructure compared to TIG and laser welding. It also
observed that the absence of the heat-affected zone (HAZ) in laser-TIG hybrid welding
contributed to higher tensile strength compared to TIG welding. Additionally, the study
identified different fracture modes between the joints, with laser-TIG hybrid welding
showing a pure-shear fracture mode [55].

William M. Steen conducted an experimental work which involved adding an electric arc to
the interaction between a laser beam and a material surface. The experimental work included
cutting and welding, with measurements of the bead profile taken from macro photographs of
the bead cross-section. The laser used produced a beam of 10.6-um radiation with virtually
no divergence, and the power distribution within the beam approximated the fundamental
Gaussian spread known as a TEMO0O0 beam. The arc was located either on the same side of the
workpiece as the laser or on the opposite side. In welding, helium shielding gas was blown
coaxially with the laser beam at nozzle velocities of around 40 m/s, and in cutting, a coaxial
oxygen jet of around 400 m/s was used. The experimental results showed that arc
augmentation of the laser by some 2 KW of arc power in the work piece can be achieved
without unduly spoiling the high quality of the cut or weld that would be made by a laser
alone of similar total power. Addition of an electric arc to the interaction between a laser
beam and a material surface can enhance the welding and cutting process without
compromising the quality of the end product [56].

Zuo et al. utilized TIG-MIG based system for depositing 5356 aluminium alloy onto a 6061
aluminium alloy substrate. The ultimate tensile strength and microhardness increase, while
ductility decreases with rising heat treatment temperature [57].

Zong et al. performed experiments on TIG-MIG hybrid welding processes, focusing on the
influence of TIG current on arc stability, droplet transfer, weld formation, and temperature
distribution. The study used experimental setups to analyze the welding parameters,
materials, and visual inspection systems to observe the molten metal flow and temperature
field on the weld pool surface. The findings suggest that TIG-MIG hybrid welding can lead to
improved weld quality and reduced heat-affected zones compared to conventional MIG
welding [58].

Zhang et al. used numerical analysis to study the behaviour of the molten pool and the
suppression mechanism of undercut defects in TIG-MIG hybrid welding. A self-adaptive
integrated model for arc welding is developed to identify factors influencing the formation of
grooves, and the potential for predicting the growth rate of groove sizes based on molten pool
behaviour [59].
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Chapter 3
Research Gap, Motivation, Objective and Experimental Plan

3.1 Research Gap

Based on the conducted literature survey it was observed that the wire based additive
manufacturing process offers various advantages such as high deposition rate, less capital
cost, acceptable dimensional accuracy and others. the laser, TIG and MIG and hybrid of these
power sources are typically utilised for wire based AM. The utilization of these power
sources has certain advantages and limitations.

Therefore, a comparative experimental study needs to be performed while utilizing the
common set of parameters and material which has not been studied.

3.2 Motivation

To identify the efficient process among wire laser, wire-T1G, wire-MIG, laser-TIG hybrid and
MIG-TIG hybrid additive manufacturing process with respect to :

» Energy utilization
» Bead quality (height, width, uniformity)
» Material property (hardness)

3.3 Objective
» To investigate the hybrid processes such as Laser-TIG hybrid and MIG-TIG hybrid
additive manufacturing process, and compare with WLAM, WAAM-MIG, WAAM-
TIG.
» To study the process dynamics such as cooling rate during the deposition.
» To find the process influence on bead width, bead height and hardness.
» To find the most efficient process on the basis of specific energy.
3.4 Experimental Plan
For experiment, low alloy steel of 0.8 mm is used, which is the filler material which is to be
melted using the arc generated by laser, TIG, MIG, laser-TIG hybrid and MIG-TIG hybrid
sources and this is deposited over mild steel plate.
3.4.1 Selection of workpiece material
Mild steel is chosen as the workpiece material over which depositions are done. Mild steel is
a type of carbon steel (composition by weight percentage : 0.1912% C, 0.1503% Si, 0.6702%
Mn, 0.0271% P and 0.0280% S) with a low amount of carbon. Less carbon means that mild

steel is typically more ductile, machinable and weldable than high carbon and other steels,
however, it also means it is nearly impossible to harden and strengthen through heating and
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quenching. The low carbon content also means it has very little carbon and other alloying
elements to block dislocations in its crystal structure, generally resulting in less tensile
strength than high carbon and alloy steels. Mild steel has a lower melting point than other
types of steel, so it can be welded using a lower heat setting.

3.4.2 Selection of filler material

Low alloy steel (ER70S-6) is used as a filler material for deposition. They are carbon-
manganese grades, in accordance

with APl or ASTM standards (e.g., AISI 4130 and AISI 8630). It is selected as a filler
material because it exhibits high strength and it is highly resistant to corrosion.

3.5 Input parameters

Input parameters chosen for the experiments are power, wire feed speed and deposition
speed.

3.5.1 Power

Power is the energy generated per unit time to deposit the filler material.
3.5.2 Wire feed speed

It is the speed with which wire is feed into the melt pool for deposition.
3.5.3 Deposition speed

It is the speed of deposition with which the filler metal melts and deposits over the workpiece
material.

3.6 Output parameters

The output parameters chosen for the experiments are bead width, bead height, hardness,
cooling rate and specific energy.

3.6.1 Bead width

It is the dimension of the bead along the width.

3.6.2 Bead height

It is the dimension of the bead along the height.

3.6.3 Hardness

Hardness is the resistance of a material to localised plastic deformation. Hardness can be

assessed by a number of techniques including indentation, scratch and rebound hardness
measurements.
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3.6.3.1 Vickers microhardness

Vickers microhardness is a measure of a material's resistance to indentation or penetration by
a Vickers indenter. The Vickers hardness test involves applying a known load to the surface
of the material using a pyramidal diamond indenter with a square base and a specified angle
between opposite faces (usually 136°). The indentation produced by the indenter is measured
diagonally, and the Vickers hardness value is calculated based on the dimensions of the
indentation and the applied force.

The Vickers hardness number (HV) is determined using the formula:
HV = 1.854x(F/D?) (3.2)

Where,

HV : Vickers hardness number in kg/mm?
F : Applied load in kg

D : Mean of the two diagonals in mm

3.6.4 Cooling rate

Cooling rate in welding refers to the speed at which the welded joint or the surrounding base
metal cools down after the welding process is completed. It's a critical factor in determining
the microstructure and mechanical properties of the weld metal and the heat-affected zone
(HAZ). During welding, the base metal and the weld metal are heated to high temperatures to
enable fusion and create the desired joint. After the welding arc or heat source is removed, the
metal begins to cool. The rate at which this cooling occurs can significantly influence the
resulting microstructure and properties of the welded joint. The cooling rate depends on
several factors, including:

> Heat input: The amount of heat introduced into the base metal and the weld metal
during welding, which is influenced by welding parameters such as current, voltage,
travel speed, and heat source characteristics.

> Base metal composition: Different materials have varying thermal conductivities and
heat capacities, affecting how quickly they dissipate heat.

» Thickness of the material: Thicker materials generally cool more slowly than thinner
materials due to their higher thermal mass.

> Preheat and post-weld heat treatment: Preheating the base metal before welding and
applying post-weld heat treatments can alter the cooling rate and affect the resulting
microstructure and properties.

> Heat sink effect: The presence of surrounding material that acts as a heat sink can
influence the cooling rate of the welded joint.

Rapid cooling can lead to the formation of hard and brittle microstructures such as
martensite, which may result in increased susceptibility to cracking.
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Cooling rate is determined using the formula :

CR= (Tm‘To)/t (32)

Where,
CR : Cooling rate in °C/s
Tm : Melting temperature in °C (melting temperature of low alloy steel considered for the
experiment is 1400 °C)
To : Ambient temperature in °C (melting temperature of low
alloy steel considered for the experiment is 250 “C)

3.6.5 Specific energy

Specific energy is the energy required to deposit unit volume of material. The specific energy
is determined by the formula :

SE = P/((n/4)xd2xwfs) (3.3)
Where,
SE : Specific energy in J/mm?®

d : Diameter of wire in mm
wfs : Wire feed speed in m/min
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Chapter 4
Experimental Setup, Instruments and Softwares Used

Depositions are performed in various AM processes like Wire Laser, Wire TIG, Wire MIG,
Laser-TIG hybrid and MIG-TIG hybrid

4.1 Wire Laser Additive Manufacturing (WLAM) Setup
A Fiber Laser with 4 axis is used for deposition as shown in Fig. 8 . Maximum power of the

Laser is 2kW. ER70S-6 steel wire of 0.8 mm diameter was used as the wire electrode
(deposition material).

Laser

Pyrometer

Wire

Depositions

Fig. 8: Wire-Laser Additive Manufacturing Setup
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4.2 WAAM TIG Additive Manufacturing Setup

The experiment was carried out with a TIG (AC/DC) welding machine (make: Kemppi,
model: MasterTig MLS 3003ACDC) as shown in Fig. 9 It is equipped with the standard
features such as HF (high-frequency) start, the remote control using a foot pedal, and manual
control to set the arc current. A straight neck water-cooled torch was used for the purpose.
This type of torch is desirable for automated systems for ease of mounting on CNC
(Computer Numerical Control) machines for automated welding. The utilised electrode is 2%
thoriated tungsten electrode of diameter 2.4 mm. Argon gas was used as an inert gas at a
constant flow rate of 10 I/min. All the experiments were conducted on the DC mode of
operation, keeping the straight polarity (DCEN- Direct Current Electrode Negative). ER70S-
6 steel wire of 0.8 mm diameter was used as the wire electrode (deposition material).

TIG Torch

Deposition

Pyrometer

Fig. 9: Wire-TIG Additive Manufacturing Setup
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4.3 WAAM MIG Additive Manufacturing Setup

MIG machine used in our case is MIGATRONIC SIGMA SELECT 400. Mig torch comprises
handle, trigger, nozzle and contact tip, it enables a continuous feed of the consumable
electrode wire. The wire serves as both electrode and filler material, melts at the arc's heat,
forming a molten pool that solidifies to create a required weld part. Shielding gas is also
supplied from the nozzle itself and helps in forming a smooth deposition. The MIG torch is
fixed using a burette stand with is connected with the linear stage.

Linear Stage Setup MIG Torch
I

. — Depositions

Pyrometer

Fig. 10: Wire MIG Additive Manufacturing Setup

4.4 Laser-TIG Hybrid Additive Manufacturing setup

A Fiber Laser with 4 axis is used for deposition as shown in Fig. 11. Maximum power of the
Laser is 2kW. A straight neck air-cooled TIG torch was used for the purpose. The torch was

20



mounted in the wire laser welding machine using the two fingered clamps with rubber
gripper. The angle between laser and TIG torch is 65°. ER70S-6 steel wire of 0.8 mm
diameter was used as the wire electrode (deposition material).

Pyrometer

Laser
Wire

TIG Torch =

Depositions = |

Fig. 11: Laser-TIG Hybrid Additive Manufacturing Setup

21



4.5 MIG-TIG Hybrid Additive Manufacturing setup

The MIG torch which was used in MIG deposition is used here. The same air cooled TIG
torch used in Laser-TIG hybrid deposition is used here. The TIG torch was mounted in MIG
welding system using two fingered clamps with rubber gripper.  The angle between the MIG
torch and TIG torch is 25°.

TIG Torch
MIG Torch

Pyrometer

| _ Linear Stage Setup

Fig. 12: MIG-TIG Hybrid Additive Manufacturing Setup
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4.6 Linear Stage Setup

The linear stage setup is used for MIG deposition and MIG- TIG hybrid deposition. The
linear stage setup consists of railings, lead screw, bearings, linear bearings, first base plate of
aluminium and second base plate of mild steel. A | section of asbestos is used as an insulator.

Rails Lead Screw

Mild Steel Plate

Bearings

Fig. 13: Top view of Linear Stage

Insulator
Aluminium Base
Plate

Linear Bearing
Linear Bearing

Fig. 14: Side view of Linear Stage
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4.7 Pyrometer

The pyrometer used for the measurement of temperature was the ratio pyrometer model
IGAR 6. A detailed view of the pyrometer is shown in the figure below:

N

gad

Fig. 15: Pyrometer

1. 12-Pin Connector

2. Digital Display

3. Sighting Option

4. Focus Adjustment Set Screw

5. LED Distance Indicator Light

6. LED Operating Mode Indicator Light

4.8 Laser Displacement Sensor

M/s Micro-Epsilon make smart laser triangulation displacement sensor (LDS), model:
optoNCDT 1420 with active surface compensation property is used to scan the objects. It
provides displacement, distance and position measurement with a unique combination of
speed, size, performance and application versatility with a high measurement accuracy. LDS
uses a laser diode and works on the basis of the Time-of-Flight (ToF) principle to measure the
distance between its sensor and an object. LDS internally determines the distance based on
the time elapsed between emitting and receiving the laser beam from the surface. This sensor
is used to measure the bead height and bead width of the deposited beads.
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Fig. 16: Laser Displacement Sensor

Laser Displacement Sensor

Weld Beads

Fig. 17: Setup for measuring bead width and height

4.9 Abrasive Cutting Machine

Abrasive cutting machine make METNATION TECHNOLOGIES is used to cut the weld
beads.
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Fig. 18: Abrasive Cutting Machine

4.10 Polishing Machine

The cut samples were polished using a polishing machine of make METCO BAINPOL.

— Water Supply

Rotating Disk
Sand Paper

)

Fig. 19: Polishing Machine
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4.11 Hardness Testing Machine

Vickers micro hardness testing machine of make METCO Economet VH-1 MDX is used to
measure the hardness of the polished samples. The Vickers micro hardness testing
machine consists of a diamond indenter, which falls over the sample and it stays over the
object for a particular time and then it moves away from the sample. This time interval
between the loading and unloading of the indenter is known as the delay time. After that the
length of the diagonals are measured and the hardness value is given by this machine. This
hardness testing machine has load range from 0.1 kg to 0.5 kg

Test Force Transformation
Handwheel

Eyepiece Lens

Indenter Sample
Working Table
Loading Force Handwheel
LCD Screen
Fig. 20: Vickers Microhardness Testing Machine
4.12 Infrawin

This is a software to collect data from pyrometer which gives the data in the form of
temperature and time.

27



Outputs
IGAR 6 o

¥ | She 3401, pv: 3914700 s
=t paetC ﬁ

Intensity of signal
‘T\‘en ity sgn&

Waming threshold [0 |%

@ 2400°C  Lumasense Technologies
Measurement
\.\ View - | =i Devices l I Pause H Exit with saving @Exnw’monl saving
puts ..
H Serial  Orde Sh
erial  Order ow
E No. Name no. no. Load parameters signal 1850°C
£ [» # IGARG 3401 3914700 Load parameters
a
@ 1650°C
£
2 ©IGARG. SN: 3401 2
e s
""""""""""""""""""""" Edit "i 1450°C
2 60.0 Trans T=1000 % -
E— E-Ratio K= [1.000 Q‘?
@ K: Auto. find Emi Accept 2 1250°C
&) 1-Channel temperature  ywarping threshoid o = @ *
@ (® Ratio temperature
S () Smart () Metal mode Switch-off threshold H % =
N .-d 1050°C
Response time 190 = 250 ms - Clear time tCL= S0ms //
®°cO ® max O min
= unit @O = 1 measur...
2’ New address 03 - New baud rate | 38400 v 850°C
5 Basic range [*Cl 250 - 2000
o Subrange rcl (250 |..|2000
£ maou out  0..20[21Low £ Test 650°C
a
5 f_mA Test
% mi
- Protocol 450°C
&  Measuringdistance a= (5713 mm oL
k] [SIGNAL |
& Thedistance can be adjusted manualy atthe pyrometer E
= 250°C
1:34:43 PM 1:34:44 PM 1:34:45 PM 1:34:45 PM
Canfinuratinn Af dienlay eamanca: v 9.5s 10.2s. 10.9s .58
1| IGAR 6(COMS3,03) | 38400 | 00:00.000 | C:\Users\LenevollnfraWin\Standard.i12 | [No.: 1676] [Size: 18.08 KB]

4.13 Mach 3 :

Mach3 is a full-featured CNC controller that uses G and M

into a machine controller.

Fig. 21: Infrawin software
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Chapter 5
Results and Discussion for WLAM

In WLAM the input parameters are wire feed speed, deposition speed and power. Wire feed
speed and deposition speed are kept constant. The power is varied for doing the depositions.

Three linear depositions of length 100 mm are being done.

5.1 Input parameters

Table 2: Input parameters used in WLAM depositions

Power (W) 1200 \ 1300 \ 1400
Wire Feed Speed 2
(m/min)
Deposition Speed 100
(mm/min)

5.2 WLAM depositions

Three linear single layer depositions are done using laser as shown in the figures below.
Before each deposition preheating is done to remove the oxides.

I z/ 3

Fig. 25: WLAM deposition for 1400 W power

] |

5.3 Temperature recording for each deposition and measurement of cooling rate

Temperature is recorded during the deposition which is obtained in the form of temperature
and time. Cooling rate is calculated using the eq.3.2.
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Fig. 26: Temperature vs time graph in WLAM for 1200 W power
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Fig. 27: Temperature vs time graph in WLAM for 1300 W power
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Fig. 28: Temperature vs time graph in WLAM for 1400 W power

From the temperature vs time graph cooling rate is calculated which is shown in the table

below.

Table 3: Cooling rate calculated for each deposited bead using WLAM process

Power (W) Cooling Rate (°C/s)
1200 18.06
1300 19.7
1400 23.11

A graph is plotted between cooling rate vs power is plotted.

w
o

B P NN
o u1n o wu

Cooling Rate (°C/s)

o un

1150

Cooling Rate vs Power

.

1200 1250 1300

Power (W)

1350 1400 1450

Fig. 29: Cooling rate vs power for WLAM depositions
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5.4 Specific energy

Specific energy is calculated as per eq.3.3 and a graph is being plotted between specific
energy Vs power.

Table 4: Specific energy calculated for each power level of the WLAM deposition

Power (W) Specific Energy (J/mm?3)
1200 71.61
1300 77.58
1400 83.55

Specific Energy vs Power
100
£
£ % ——
= 60
>
20 40
Q
S 20
2
=5 0
§_ 1150 1200 1250 1300 1350 1400 1450
Power (W)
Fig. 30: Specific energy vs power for WLAM depositions
5.5 Output parameters

The output parameters are bead width, bead height and hardness which are measured after
the three linear depositions the bead height, bead width and hardness are measured.

5.5.1 Bead width and bead height measurement

The bead width and bead height are measured using LDS. The width and height are
measured from 40 mm from start, 50 mm from start and 60 mm from start. Then average of
the values are taken and noted down.
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Table 5: Bead width and bead height of deposited WLAM beads

Bead Width (mm) Bead Height (mm)
Power 40mm 50mm 60mm Mean 40mm 50mm 60mm  Mean
(W) from from from from from from
start start start start start start
1200 2.62 2.37 3.72 2.90 3.50 3.80 3.22 3.50
1300 5.82 3.81 3.04 4.22 2.94 3.79 3.38 3.37
1400 3.33 3.11 6.38 4.27 2.95 3.62 3.24 3.27

Bead Width vs Power

—

1150 1200 1250 1300 1350 1400 1450
Power (W)

(0]

[e)}

M

Bead Width (mm)
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Fig. 31: Bead width vs power for WLAM depositions
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Fig. 32: Bead height vs power for WLAM depositions
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5.5.2 Hardness measurement

The samples are cut using a water jet abrasive cutter along the cross section which are
polished using sand paper of grit size 80 and 1000. Polishing is done upto such a level so that
the samples are free from irregularities. After polishing the samples, the hardness of the
samples is measured using Vickers hardness testing machine. The hardness is measured at
three different positions and mean value of the readings are noted. Load of 0.3 kg is used at a
dwell time of 10 s. Hardness is calculated using the eq.3.1.

(b)

Fig. 33: Cut cross of the polished WLAM weld bead, (a) 1200 W, (b) 1300 W, (c) 1400 W

Table 6 : Hardness of deposited beads in WLAM process

Power (W) Hardness
1200 245.4
1300 257
1400 305.6

Hardness vs Power

—

400

w
o
()

100

Hardness (HV 0.3)
N
o
o

0
1100 1200 1300 1400 1500

Power (W)

Fig. 34: Hardness vs power for WLAM depositions
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Chapter 6
Results and Discussion for WAAM-TIG

In WAAM-TIG the input parameters are wire feed speed, deposition speed and power. Wire

feed speed and deposition speed are kept constant. The power is varied for doing the
depositions. Three linear depositions of length 100 mm are being done.

6.1 Input parameters

Table 7: Input parameters used in WAAM-TIG depositions

Power (W) 1320 \ 1440 \ 1560
Wire Feed Speed 2
(m/min)
Deposition Speed 100
(mm/min)

6.2 WAAM-TIG depositions

Three linear single layer depositions are done using TIG as shown in the figures below.
Before each deposition  preheating is done to remove the oxides.

E2L
T T

|

Fig. 36: WAAM-TIG deposition for 1440 W power

ﬁ?,;,(;-m .
T LAY

Fig. 37: WAAM-TIG deposition for 1560 W power
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6.3 Temperature recording for each deposition and measurement of cooling rate

Temperature is recorded during the deposition which is obtained in the form of temperature
and time. Cooling rate is calculated using the eq.3.2.

Temperature vs Time
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Fig. 38: Temperature vs time graph in WAAM-TIG for 1320 W power
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Fig. 39: Temperature vs time graph in WAAM-TIG for
1440 W power
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Fig. 40: Temperature vs time graph in WAAM-TIG for 1560 W power

From the temperature vs time graph cooling rate is calculated which is shown in the table
below.

Table 8: Cooling rate calculated for each deposited bead using WAAM-TIG process

Power (W) Cooling Rate (°C/s)
1320 27.15
1440 16.42
1560 9.55

A graph is plotted between cooling rate vs power is plotted.

Cooling Rate vs Power
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Fig. 41: Cooling rate vs power for WAAM-TIG depositions
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6.4 Specific energy

Specific energy is calculated as per eq.3.3 and a graph is being plotted between specific
energy Vs power.

Table 9: Specific energy calculated for each power level of the WAAM-TIG bead

Power (W) Specific Energy (J/mm?®)
1320 78.78
1440 85.94
1560 93.10
Specific Energy vs Power
__120
"E 100
:,E 80 | #— s *
& 60
Lﬂé 40
5 20
S 0
S 1300 1400 1500 1600
Power (W)

Fig. 42: Specific energy vs power for WAAM-TIG depositions

6.5 Output parameters

The output parameters are bead width, bead height and hardness which are measured after the
three linear depositions the bead height, bead width and hardness are measured.

6.5.1 Bead width and bead height measurement
The bead width and bead height are measured using LDS. The width and height are measured
from 40 mm from start, 50 mm from start and 60 mm from start. Then average of the values

are taken and noted down.

Table 10: Bead width and bead height of deposited beads using WAAM-TIG Process

Bead Width (mm) Bead Height (mm)
Power 40mm 50mm 60mm Mean 40mm 50mm 60mm  Mean
(W) from from from from from from
start start start start start start
1320 3.37 2.49 3.96 3.27 2.05 3.24 2.38 2.55
1440 4.9 3.79 3.15 3.94 2.38 2.09 2.85 2.44
1560 5.1 6.74 4.74 5.52 2.15 2.19 2.36 2.23
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Fig. 43: Bead width vs power for WAAM-TIG depositions

Bead Height vs Power

4
£
E3
st + .
Q
I
o1
4]
]

0

1300 1400 1500 1600
Power (W)

Fig. 44: Bead height vs power for WAAM-TIG depositions
6.5.2 Hardness measurement

The samples are cut using a water jet abrasive cutter along the cross section, which are
polished using sand paper of grit size 80 and 1000. Polishing is done upto such a level so that
the samples are free from irregularities. After polishing the samples, the hardness of the
samples is measured using Vickers hardness testing machine. The hardness is measured at
three different positions and mean value of the readings are noted. Load of 0.3 kg is used at a
dwell time of 10 s. Hardness is measured using the eg. 3.1.
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Fig. 45: Cut cross of the polished WAAM -TIG weld bead, (a) 1320 W, (b) 1440 W,

() 1560 W

Table 11: Hardness of deposited beads in WAAM-TIG process

Power (W) Hardness
1320 284.5
1440 270.9
1560 268.96
Hardness vs Power
310
n‘}
S 300
>
I 290
wv
$ 280
=
S 270 —o
T
260
1300 1400 1500 1600
Power (W)

Fig. 46: Hardness vs power for WAAM-TIG depositions
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Chapter 7
Results and Discussion for WAAM-MIG

In WAAM-MIG the input parameters are wire feed speed, deposition speed and power. Wire
feed speed and deposition speed are kept constant. The power is varied for doing the
depositions. Three linear depositions of length 100 mm are being done.

7.1 Input parameters

Table 12: Input parameters used in WAAM-MIG depositions

Power (W) 680 \ 738 \ 779
Wire Feed Speed 2
(m/min)
Deposition Speed 100
(mm/min)

7.2 WAAM-MIG depositions

Three linear single layer depositions are done using MIG as shown in the figures below.

6 7 8 O 110

Fig. 47: WAAM-MIG deposition for 680 W power

r L JU ST P L et 0 W Rt e s sl
)

z 2 3 4 5 6 7 4 8

O 110

Fig. 48: WAAM-MIG deposition for 738 W power
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Fig. 49: WAAM-MIG deposition for 779 W power
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7.3 Temperature recording for each deposition and measurement of cooling rate

Temperature is recorded during the deposition which is obtained in the form of temperature
and time. Cooling rate is calculated using the eq.3.2.

Temperaturevs Time
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Fig. 50: Temperature vs time graph in WAAM-MIG for 680 W power
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Fig. 51: Temperature vs time graph in WAAM-MIG for 738 W power

42



Temperature vs Time
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Fig. 52: Temperature vs time graph in WAAM-MIG for 779 W power

From the temperature vs time graph cooling rate is calculated which is shown in the table
below.

Table 13: Cooling rate calculated for each deposited bead using WAAM-MIG process

Power (W) Cooling Rate (°C/s)
680 37.36
738 39.37
779 41.32

A graph is plotted between cooling rate vs power is plotted.
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Fig. 53: Cooling rate vs power for WAAM-MIG depositions
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7.4 Specific energy

Specific energy is calculated as per eq.3.3 and a graph is being plotted between specific

energy Vs power.

Table 14: Specific energy calculated for each power level of the WAAM-MIG deposition

Power (W) Specific Energy (J/mm?®)
680 40.58
738 44.04
779 46.49
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w
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Fig. 54: Specific energy vs power for WAAM-MIG depositions

7.5 Output parameters

The output parameters are bead width, bead height and hardness which are measured after the
three linear deposition the bead height, bead width and hardness are measured.

7.5.1 Bead width and bead height measurement

The bead width and bead height are measured using LDS. The width and height are measured
from 40 mm from start, 50 mm from start and 60 mm from start. Then average of the values

are taken and noted down.
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Table 15: Bead width and bead height of WAAM-MIG deposition

Bead Width (mm) Bead Height (mm)
Power 40 50 60 Mean 40 50 60 Mean
(W) mm mm | mm mm | mm | mm
from | from | from from | from | from
start | start | start start | start | start

680 342 | 422 | 292 | 352 | 416 | 274 | 294 | 3.28

738 331 | 418 | 351 | 3.67 | 3.05 | 295 | 3.21 | 3.07

779 443 | 383 | 386 | 404 | 339 | 262 | 2.72 | 291

Bead Width vs Power

+ +—
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Fig. 55: Bead width vs power for WAAM-MIG depositions
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Fig. 56: Bead height vs power for WAAM-MIG depositions
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7.5.2 Hardness measurement

The samples are cut using a water jet abrasive cutter along the cross section which are
polished using sand paper of grit size 80 and 1000. Polishing is done upto such a level so that
the samples are free from irregularities. After polishing the samples, the hardness of the
samples is measured using Vickers hardness testing machine. The hardness is measured at
three different positions and mean value of the readings are noted. Load of 0.3 kg is used at a

dwell time of 10 s. The hardness is measured using the eg. 3.1.

Fig. 57: Cut cross of the polished WAAM-MIG weld bead,

Table 16: Hardness of deposited beads in WAAM-MIG process

(b)

(a) 680 W, (b) 738 W, (c) 779 W

Power (W)

Power (W) Hardness
680 285.43
738 288.56
779 289.53
Hardness vs Power
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Fig. 58: Hardness vs power for WAAM-MIG depositions
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Chapter 8
Results and Discussion for Laser-TIG Hybrid Additive Manufacturing

In Laser-TIG Hybrid Additive Manufacturing (LTHAM) the input parameters are wire feed
speed, deposition speed and power. Wire feed speed and deposition speed are kept constant.
The power is varied for doing the depositions. Three linear depositions of length 100 mm are
being done. The TIG torch is kept at 25° with respect to the workpiece. The laser is held
perpendicular to the workpiece. While deposition both the laser as well as TIG are switched
on simultaneously.

8.1 Input parameters

Table 17: Input parameters used in Laser-TIG hybrid depositions

TIG Power (W) 480 | 720 | 960
Laser Power (W) 1200
Wire Feed Speed 2
(m/min)
Deposition Speed 100
(mm/min)

8.2 Laser-TIG hybrid depositions

Three linear single layer depositions are done using Laser-TIG hybrid as shown in the figures
below.

MADE 1IN INDIA 3 V§
‘ ‘ 0

R A L\

Fig. 59: LTHAM deposition for TIG power : 480 W and Laser power : 1200 W

Fig. 61: LTHAM deposition for TIG power : 960 W and Laser power : 1200 W

47



8.3 Temperature recording for each deposition and measurement of cooling rate

Temperature is recorded during the deposition which is obtained in the form of temperature
and time. Cooling rate is calculated using the eq.3.2.

Temperaturevs Time
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Fig. 62: Temperature vs time graph in Laser-TIG hybrid deposition for TIG power 480 W and

laser power 1200 W
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Fig. 63: Temperature vs time graph in Laser-TIG hybrid deposition for TIG power 720 W and
laser power 1200 W
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Fig. 64: Temperature vs time graph in Laser-TIG hybrid deposition for TIG power 960 W and

laser power 1200 W

From the temperature vs time graph cooling rate is calculated which is shown in the table

below.

Table 18: Cooling rate calculated for each deposited bead using Laser-TIG hybrid process

TIG Power (W) Laser Power (W) Cooling Rate (°C/s)
480 1200 27.15
720 16.42
960 9.55

A graph is plotted between cooling rate vs power is plotted.
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17
S
< 15
3z
® 13
Qo
£
= 11
S

9

1500 1700 1900 2100 2300
Power (W)

Fig. 65: Cooling rate vs power for Laser-TIG hybrid depositions
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8.4 Specific energy

Specific energy is calculated as per eq.3.3 and a graph is being plotted between specific
energy Vs power.

Table 19: Specific energy calculated for each power level of the Laser-TIG hybrid deposition

TIG Power (W) Laser Power (W) Specific Energy (J/mm?®)
480 1200 100.29
720 114.62
960 128.95

Specific Energy vs Power
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Fig. 66: Specific energy vs power for Laser-TI1G hybrid depositions

8.5 Output parameters

The output parameters are bead width, bead height and hardness which are measured after the
three linear depositions the bead height, bead width and hardness are measured.

8.5.1 Bead width and bead height measurement
The bead width and bead height are measured using LDS. The width and height are measured

from 40 mm from start, 50 mm from start and 60 mm from start. Then average of the values
are taken and noted down.
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Table 20: Bead width and bead height of Laser-TIG hybrid deposited beads

Laser TIG Bead Width (mm) Bead Height (mm)
Power Power
(W) W)
40 mm | 50 mm | 60 mm Mean | 40 mm | 50 mm | 60 mm Mean
from from from from from from
start start start start start start
1200 480 3.91 3.85 4.45 4.07 2.83 2.51 2.73 2.69
720 4.23 4.37 4.12 4.24 2.44 241 2.35 2.4
960 6.79 6.76 6.97 6.84 1.71 2.00 1.96 1.89
Bead Width vs Power
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Fig. 67: Bead width vs power for Laser-TIG hybrid depositions
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Fig. 68: Bead height vs power for Laser-TIG hybrid depositions
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8.5.2 Hardness measurement

The samples are cut using a water jet abrasive cutter along the cross section, which are
polished using sand paper of grit size 80 and 1000. Polishing is done upto such a level so that
the samples are free from irregularities. After polishing the samples, the hardness of the
samples is measured using Vickers hardness testing machine. The hardness is measured at
three different positions and mean value of the readings are noted. Load of 0.3 kg is used at a
dwell time of 10 s. Hardness is measured using the eq. 3.1.

Fig. 69: Cut cross of the polished Laser-TIG hybrid
weld bead,

(a) Laser power 1200 W and TIG power 480 W/,

(b) Laser power 1200 W and TIG power 720 W,

(c) Laser power 1200 W and TIG power 960 W

Table 21: Hardness of deposited beads in Laser-TIG hybrid process

TIG Power (W) Laser Power (W) Hardness
480 1200 289.1
720 270.13
960 260.13

Hardness vs Power
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Fig. 70: Hardness vs power for Laser-TIG hybrid depositions
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Chapter 9
Results and Discussion for MIG-TIG Hybrid Additive Manufacturing

In MIG-TIG Hybrid Additive Manufacturing (MTHAM) the input parameters are wire feed
speed, deposition speed and power. Wire feed speed and deposition speed are kept constant.
The power is varied for doing the depositions. Three linear depositions of length 100 mm are
being done. The TIG torch is kept at 65° with respect to the workpiece. The laser is held
perpendicular to the workpiece. While deposition both the MIG as well as TIG torch are
switched on simultaneously.

9.1 Input parameters

Table 22: Input parameters used in MIG-TIG hybrid depositions

TIG Power (W) 360 | 480 | 720
MIG Power (W) 300
Wire Feed Speed 2
(m/min)
Deposition Speed 100
(mm/min)

9.2 MIG-TIG hybrid depositions

Three linear single layer depositions are done using MIG-TIG hybrid as shown in the figures
below.

Fig. 71: MTHAM deposition for TIG power 360 W and
MIG power 300 W

Fig. 72: MTHAM deposition for TIG power 480 W and
MIG power 300 W

Fig. 73: MTHAM deposition for TIG power 720 W and
MIG power 300 W
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9.3 Temperature recording for each deposition and measurement of cooling rate

Temperature is recorded during the deposition which is obtained in the form of temperature
and time. Cooling rate is calculated using the eq.3.2.

Temperature vs Time
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Fig. 74: Temperature vs time graph in MIG- TIG hybrid deposition for TIG power 360 W and
MIG power 300 W
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Fig. 75: Temperature vs time graph in MIG-TIG hybrid deposition for TIG power 480 W and
MIG power 300 W
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Temperature vs Time
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Fig. 76: Temperature vs time graph in MIG-TIG hybrid deposition for TIG power 720 W and
MIG power 300 W

From the temperature vs time graph cooling rate is calculated which is shown in the table
below.

Table 23: Cooling rate calculated for each deposited bead using MIG-TIG hybrid process

TIG Power (W) MIG Power (W) Cooling Rate (°C/s)
360 300 9.98
480 18.03
720 22.4

A graph is plotted between cooling rate vs power is plotted.
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Fig. 77: Cooling rate vs power for MIG-TIG hybrid depositions
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9.4 Specific energy

Specific energy is calculated as per eq.3.3 and a graph is being plotted between specific
energy Vs power.

Table 24: Specific energy calculated for each power level of the MIG-TIG hybrid deposition

TIG Power (W) MIG Power (W) Specific Energy (J/mm?®)
360 300 39.39
480 46.55
720 60.87
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Fig. 78: Specific energy vs power for MIG-TIG hybrid depositions

9.5 Output parameters

The output parameters are bead width, bead height and hardness which are measured after the
three linear depositions the bead height, bead width and hardness are measured.

9.5.1 Bead width and bead height measurement

The bead width and bead height are measured using LDS. The width and height are measured
from 40 mm from start, 50 mm from start and 60 mm from start. Then average of the values

are taken and noted down.
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Table 25: Bead width and bead height of MIG-TIG hybrid deposited beads

MIG TIG Bead Width (mm) Bead Height (mm)
Power Power
(W) (W)
40 mm | 50 mm | 60 mm Mean |40 mm | 50 mm | 60 mm Mean
from from from from from from
start start start start start start
300 360 2.27 2.53 2.66 2.48 2.13 2.96 3.08 2.72
480 3.34 4.01 3.48 3.61 2.67 2.21 2.55 2.47
720 3.10 4.01 3.85 3.65 2.01 2.81 2.47 2.43
Bead Width vs Power
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Fig. 79: Bead width vs power for MIG-TIG hybrid depositions
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Fig. 80: Bead height vs power for MIG-TIG hybrid depositions
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9.5.2 Hardness measurement

The samples are cut using a water jet abrasive cutter along the cross section, which are
polished using sand paper of grit size 80 and 1000. Polishing is done upto such a level so that
the samples are free from irregularities. After polishing the samples, the hardness of the
samples is measured using Vickers hardness testing machine. The hardness is measured at
three different positions and mean value of the readings are noted. Load of 0.3 kg is used at a
dwell time of 10 s. Hardness is measured using the eq. 3.1.

(a) (b)

Fig. 81: Cut cross of the polished MIG-TIG hybrid
weld bead,
(@) MIG power 300 W, TIG power 360 W,
(b) MIG power 300 W, TIG power 480 W,
(c) MIG power 300 W, TIG power 720 W

Table 26: Hardness of deposited beads in MIG-TIG hybrid process

TIG Power (W) MIG Power (W) Hardness
360 300 190.63
480 311.16
720 315.46

Hardness vs Power
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Fig. 82: Hardness vs power for MIG-TIG hybrid depositions
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Chapter 10
Conclusions and Inferences

The single layer deposition were being carried out using wire Laser, wire TIG, wire MIG,
Laser-TIG hybrid and MIG-TIG hybrid. During deposition, the temperature of the beads were
also measured using a pyrometer. Further cooling rate and specific energy were calculated.
Bead width and height of the deposited beads were measured using LDS. Hardness of the
bead is also measured. The following observations were obtained :

>

The cooling rate in WLAM, WAAM-MIG was found to be increasing and in the case
of WAAM-TIG, Laser-TIG, MIG-TIG it was decreasing with respect to increase of
power.

The specific energy and bead width was found to be increasing with respect to
increase of power in all the processes.

However, the bead height was found to be decreasing with respect to increase of
power in all the processes.

The hardness in WLAM, WAAM-MIG and MIG-TIG hybrid additive manufacturing
was found to be increasing with respect to increase of power.

Whereas the hardness in the case of WAAM-TIG and Laser-TIG hybrid additive
manufacturing was found to be decreasing with respect to increase of power.

Based on the conducted experiments and analysis various wire based additive manufacturing
processes are also compared with respect to different process variants, Fig.83. The following
conclusion could be drawn from this radar chart.

>

Bead width is maximum in case of Laser-TIG hybrid deposition and MIG deposition
whereas it is minimum in case of Laser deposition.

Bead height is maximum in case of Laser deposition whereas it is minimum in case of
Laser-TIG hybrid deposition.

The cooling rate is maximum in case of MIG deposition whereas it is minimum in
case of TIG deposition.

Specific energy is maximum in case of Laser-TIG hybrid deposition whereas it is
minimum in case of MIG-TIG hybrid deposition and MIG deposition.

Hardness is maximum in the case of MIG-TIG hybrid deposition whereas it is
minimum in case of Laser deposition.

The advantages of hybrid deposition are:

>

At minimum power continuous bead deposition can be obtained as seen in the case of
MIG-TIG hybrid deposition.
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» The hardness of the bead is maximum as obtained in case of MIG-TIG hybrid
deposition.

» The cooling rate is relatively lower as compared to deposition using Laser, TIG and
MIG.

Comparison Chart

e T| G e | 3SET MIG Laser-TIG Hybrid ess==MIG-TIG Hybrid

Bead Width

10

Hardness

7Bead Height

Specific

Cooling Rat
Energy ooling Rate

Fig. 83: Radar chart comparing various wire based additive manufacturing processes
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