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Abstract

Additive manufacturing (AM) is defined as “a process of joining materials, usually
layer upon layer, to make objects from 3D model data.” According to ASTM- “AM is
the opposite of subtractive methodologies.” [1]. It is a rapidly growing technology that
is showing great potential at lowering the production costs by reduction of material
wastage and reduction of the time to manufacture. Additionally, it gives more freehand
to the designers. [2]. Metal AM has a commonplace in various sectors i.e., aerospace
industries, automotive industries, energy generation industries, and medical industries.
It is expected that these industries will capture more than 80% of the additive
manufacturing market by 2025 [3].

Additive manufacturing (WAAM) is one of the various variants of the DED technique,
which is a modified process of welding processes such as gas metal arc welding
(GMAW), gas tungsten arc welding (GTAW), plasma arc welding (PAW) [4]. WAAM
has more to promise than previous AM technologies since it advances due to a better
effective metal deposition rate, lower energy consumption, improved energy etficiency,
a wider range of accessible materials, and lower equipment costs due to no abrasion of
machine and tool parts. [5]. In our studies, we have focused on implementing an
innovative and efficient WAAM deposition method to fabricate stainless steel
specimens using 2 wires to feed simultaneously (double-wire feed) [6] for deposition
and Wire arc additive manufacturing process (DWF-WAAM) and try to make bead
parameters more uniform by controlling the deposition parameter. Various
characteristics exhibited by the DWF WAAM process will be studied and analysed i.e.,
the melt pool parameters and bead appearance along with bead parameter of the test
components will be investigated. It was expected that the DWF-WAAM method can be
applied for high efficiency and high deposition rate applications because the
temperature and power distribution of arc between electrode and melt pool is bell-
shaped and the wire that is fed covers a very less area of arc zone. So, a substantial
amount of energy goes to the melt pool which can be utilized for second wire deposition
[6]. Along with it, we have tried to make the bead parameters more uniform using some

modifications in the deposition parameters.
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Chapter 1: Introduction

1.1 Additive Manufacturing

1.1.1 Additive Manufacturing

The ASTM association defines additive manufacturing (AM) as “a
process of joining materials to make objects from 3D model data,
usually layer upon layer, as opposed to subtractive manufacturing
methodologies” [7]. Much more additive manufacturing machines and
methods are on their way to mainstream production lines. With the
advent of new and better polymer and metal/alloy materials, as well as
increased deposition speed and improved deposition precision and
machine accuracy, Additive manufacturing has the ability to make parts
and products with intricate features that traditional manufacturing

procedures couldn't produce with ease.
Key elements of additive manufacturing

e Unparalleled Design Freedom-design for manufacturing
e Accurate, Reliable, and Repeatable Parts
e Print from the Cloud — Anywhere in the World

¢ Engineering-grade Durability with High-Strength Parts

It has not been that long since the quality of additive manufacturing has
been improved to such a level that it has started showing its potential in
industries as a viable method and proved to be a substitution for many
traditional production technologies. With the advent of new and better
polymer and metal/alloy materials, as well as increased deposition
speed and improved deposition precision and machine accuracy,

Additive manufacturing has the ability to make parts and products with



intricate features that traditional manufacturing procedures couldn't
produce with ease. [8]. Additive manufacturing also processes various
characteristics that provide it with the distinct ability to manufacture
parts that cannot be manufactured by traditional manufacturing
techniques or which could not easily have been manufactured via

subtractive or other traditional manufacturing processes.

Various materials are used in additive manufacturing as Thermoplastic
polymers (Acrylonitrile butadiene styrene (ABS), polylactic acid (PLA)
and polycarbonate (PC)), metals, ceramics, and Biochemical (silicon,
calcium phosphate, and zinc). although polymers are most commonly
used and some additive techniques incline themselves towards the use
of certain materials over others but with the advancement in the
technology other materials have also started holding the substantial

space in additive manufacturing production line up.

There are a lot of material deposition techniques
which divide into 7 types-

e Powder Bed Fusion.

e Material extrusion.

e Vat photopolymerization.

e Direct Energy Deposition.

e Material jetting.

e Binder jetting.

e Laminated object manufacturing (LOM).

The types of additive manufacturing are categorized with their
own characteristics, methods of deposition, the equipment used, and the
type of power source for deposition. The type of additive manufacturing
we are going to use in our project is Directed Energy Deposition (DED).
DED is complex in nature of deposition due to its requirement of proper
positioning for deposition and rigid structure to avoid variation in
deposition having similar deposition conditions. The multiple axis arm

will have an electrode mounted on it and will move as per the CNC



coding, producing an arc between electrode and substrate plate and
depositing molten wire material on a specified path. The feed wire
material is melted by a direct energy power source and will then

solidify.
1.1.2 Industries and applications of additive manufacturing

Although additive manufacturing has not been able to show
its full potential in production industries but new and innovative
applications are continuously being explored and developed. From
prototyping and tooling to directly utilized in part manufacturing in
industries such as architectural, medical, dental, aerospace,
automotive, furniture and jewellery, and many others [9]. The main
fields which are using additive manufacturing extensively are as

follows.

e Lighter parts: AM has a good hand at keeping the
produced part light in weight and being able to
manufacture complex design parts simultaneously.

e Automotive: Rapid prototyping is used in the
automotive sector for part manufacture. Aluminium
alloys, for example, are utilised to make exhaust and
pump assembly parts.

e Medical: Medical and orthopaedic applications for
AM are growing rapidly, especially with the
improvement in the safety of medical devices built by
AM, which are well checked and established. The
sectors have also been introduced to additive
manufacturing technology that creates custom, on-
demand 3D printed surgical implants for patients.

e Industrial Manufacturing: With the realization of
the potential for AM's design flexibility, design
concepts that were considered unattainable early are

now being considered again because additive



manufacturing has shown innovative and creative

potential for designers.

Other
Architectural and GIS 4 59 Motor vehicles
4.0% 17.9%

Government/military
6.3%
Academic institutions

7.9% Aerospace

9.9%

Industrial/business
machines
12.9%

Consumer
products/electronics
20.6%

Fig. 1.1 Application of Additive Manufacturing in various fields

The newer systems and the broader range of materials being
developed are increasing the effectiveness and adaptability of
systems, improving productivity, printing resolution and precision,
production volumes, and loading/unloading procedures. All these
advancements will help in decreasing the costs of additive
manufacturing compared to traditional manufacturing processes,
ultimately pushing further industry adoption and expanding the range

of useful applications.

1.2 Wire Arc Additive Manufacturing
1.2.1 Wire Arc Additive Manufacturing

The Direct Energy Deposition (DED) family of Additive
Manufacturing methods includes Wire Arc Additive Manufacturing
(WAAM). WAAM is defined as the “Process of depositing metal layers
on top of each other until the required 3D shape is achieved.” It is a

hybrid of two manufacturing techniques: gas metal arc welding



(GMAW) and additive manufacturing. Metal parts have been joined
using the GMAW welding process, which uses an electric arc as a
heating source., with or without additive material. In industries, 3d
printing is referred to as additive manufacturing. A welding robot is
coupled with a power supply in the WAAM process for generating

continuous

arc, for manufacturing of parts. An electrode is attached to the robot
which generates a continuous arc between electrode and substrate plate

and It's used to melt wire feedstock to make the 3D item.

New layer i
v\ Molten pool i.

Substrate

Fig. 1.2 Deposition process schematic using WAAM

Wire arc additive manufacturing (WAAM) is nowadays known as
directed energy deposition-arc (DED-arc). It is mainly incorporated
into manufacturing industries for increasing manufacturing efficiency
so that produced parts can have better qualities without increasing the
production cost. It can create complex shapes without the use of
specific tools, resulting in cost and time savings without sacrificing
quality. Local setup installation will reduce inventory requirements and

allow for the fulfilment of particular and urgent requests.

A typical AM system is made up of a movement supplier, a

heat source, and feedstock.



1.2.2 Advantages of WAAM

e Size freedom: The limit of the size of the deposited part mainly
depends on the reach of the deposition head that is used which
can be modified with robot tracks.

e Additional design freedom: WAAM method allow facilitates
the manufacturing of relatively complex design geometries
which infers that topological optimization is more accessible
than traditional methods.

e Low initial cost: Compared to some other DED systems
WAAM deposition can be done at a reduced cost.

e Higher deposition rate: Due to its very basic yet effective
design of deposition it can deposit the material at a higher rate
compared to other AM processes.

e Range of available material: WAAM uses feed wires for
depositing materials. As per the requirement of the application,
various choices of materials can be converted into wire form for
ease of deposition.

e Combined manufacturing: For imparting the special features
or for ease of production WAAM can be simultaneously used
with other production methods to build any part.

e Combined materials: layered manufacturing and double wire
feed manufacturing can be used to make functionally graded
material in which a range of materials can be combined to
deposit the part.

e Waste reduction: Material is only deposited where needed,
which leads to a waste reduction thus it has great potential for
parts that require material to be removed out of the main part in
traditional production method and/or for parts that are built by
expensive materials. Topological optimization can further
improve the efficiency of deposition.

e Mechanical properties: Processes like preheating, after rolling
post-heating can improve the mechanical properties of WAAM-

built products compared to traditionally manufactured products.



Process parameters affecting the WAAM process

WAAM process depends on several process parameters such as wire
feed rate, travel speed, current, shielding gas flow rate, arc voltage,
working distance, deposition strategy, heat input, etc. The properties of
bead profile and deposition parameters such as bead depth, bead width,
roughness, wetting angle, and bead geometry complete melting of
deposition material directly or indirectly depend on these parameters
[10]. These deposited parameters mainly depend on heat input which
depends on current and travel speed. Increasing current and decreasing
travel speed causes an increase in heat input. All these parameters
should be considered for the successful deposition using the WAAM

process.

1.3 Arc temperature and pressure distribution
1.3.1 Analysis of the distribution of arc pressure

Arc pressure is the force that acts on the anode due to the generation of
electromagnetic fields in the arc zone. Arc pressure is an important
physical characteristic of the arc, and it has a direct effect on the
deposited bead appearance and the metal deposition rate as it facilitates
the molten drop to get deposited effectively the arc pressure drives the
molten metal to the back of the molten pool during the deposition
process, allowing the arc to directly heat the material beneath it. The
molten pool, however, will be burned through if the arc pressure
exceeds the allowable limit. Such faults as undercut, pit and splatter
will emerge in a high-speed deposition process, so arc pressure should

be kept within a certain range. [11].

The maximum value of the arc

pressure increases current goes above



and arc length falls below the

permissible range, and the distribution

1400 —a— Current 100A
I 4 e Current 200A
1200 715 4 Current 300A
_ 1000
6.“ i
§ 800 4 -
= i
&é 600 yy Y
o 400 - .
| - A . ")
< 200 Vs & LN
0

Radius(mm)

shapes also change with it.
Fig. 1.3 Distribution of single arc under different currents.
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Fig. 1.4 Distribution of single arc pressure with different arc lengths



1.3.2 Analysis of the distribution of arc temperature

The temperature distribution in the arc between electrode and melt pool
is bell-shaped. Its distribution area should be wide enough for
introducing wire and also the temperature should be sufficiently high
that it could melt the depositing wire. The distribution of temperature
changes with the shielding gas used, for argon gas the arc distribution
zone is substantially larger than the deposition wire material and also
sufficient temperature to melt the depositing wire, it has a low anode
(workpiece) temperature which is beneficial as it will avoid remelting
of the deposited material thus giving good tolerance and also it has low
gas flow velocity which is also beneficial as it tends to help in cutting

not depositing [10].

The temperature interval is 2000 K in the arc, 200 K in the cathode, and
100 K in the anode.

10 8 6 4 2 0 2 o 6 8 10

L] L T Ll Ll L) Ll Ll L Ll L) L} Ll L) “
Ar 1700 K,
-6 Interval 200 K
150A,108V
-4
-2 17000K
Max. 217 m/s
=y 3000 K
E 0 Intervd 2000K
8 2
S
o
T 4
©
Z
6 r
8 |
10 =
300
|
12 |
10 8 6 4 2 0 2 4 6 8 10

Fig. 1.5 Temperature fields and velocity vectors in the arc and
electrodes for 150 A arcs in argon



1.4 Double Wire Feed WAAM process

Many researchers have employed arc-based additive manufacturing
with multiple wires to produce hybrid deposition of dissimilar metals.
Shen et al. (2015) used a GTAW-based deposition technique to produce
steel components rich in Fe-Al intermetallic compounds [6]. Almost all
of these researchers have used the DWF approach to create functionally
graded materials or composite materials, with little emphasis on

increasing deposition rate without sacrificing quality.

_To rch

Double

wire device
A

part arc x|
W ~ . oA
substrate s | P |
e 4
-

Fig. 1.6 Schematic diagram of DWF WAAM process

1.5 organization of the thesis

Chapter 2 presents a detailed literature review on the past work
reported in the relevant field of wire arc additive manufacturing,
tungsten inert gas welding, and its automation, monitoring of WAAM,
parameters of the objectives of the research, and the research
methodology used in the present work Also methods of controlling of

the melt pool and bead

Chapter 3 includes the experimental setup of the SWF and DWF TIG-
based WAAM process and various parameters at which the

experiments have been performed.

10



Chapter 4 includes the measurement of the melt pool and bead
parameters at various parameters and their analysis for SWF, DWF, and

decreasing successive layer current.

Chapter 5 Highlights the conclusions of the present work and marks

the scope for future work based on the limitations of the present work.

11



Chapter 2: Review of past work and problem
formulation

2.1 literature review

This chapter covers the crux of the literature assessment, including
limitations, on previous work on the subject of wire arc-based additive
manufacturing, control parameters of TIG based processes, heat and
temperature distribution in the arc, effect of deposition parameters on
the melt pool parameters, the identified research gaps, the research
objectives defined to bridge the identified research gaps and research

methodology used in the present work.

Yildiz et al. used the WAAM system to fabricate High-strength low-
alloy steel specimens using various deposition strategies and process
parameters. Wire feed speed (WFS) and WFS/TS (travel speed) ratio
were selected as key process parameters and their effect on mechanical
properties and characteristic bead dimensions were investigated.
WEFS/TS ratio was found to be the most crucial process parameter for
controlling heat input [12]. In the study, it was found that the heat input
linearly correlated with the characteristic bead dimensions i.e., bead

height, width, penetration area, penetration, and reinforcement area.

Sun et al. in their analysis employed a coaxial imaging system for
determining the melt pool cross-sectional geometry [13]. They used 5
image processing steps to get the desired image which could give the
melt pool parameters needed for the analysis, namely the original
image, gamma-corrected image, noise removed image, contrast-
enhanced image, and at last edge extraction of the melt pool. Their
study provides relatively easy and less cumbersome but still provides

the sufficiently accurate results of melt pool parameters.

Soylemez et al. proposed an analytically-guided approach to maintain

the constant melt pool cross-sectional area [ 14]. Modelling results show

12



how a constant power(P)/travel velocity(V) ratio can control the melt
pool area and shape L (melt pool length)/d (area average diameter) and
also shows how a P/V = constant proposal for maintaining melt pool
dimensions can fetch poor results, especially in case of small-scale

Processes.

Dinovitzer et al. analysed the effect of varying the process parameters
in TIG-based WAAM specimen using the Hastelloy as deposition
material wire and concluded that with wire feed rate Bead height

increases linearly [15].

Travel speed and current have the inverse effect on the heat input and
therefore show similarity in the trends but in opposite directions. Their
study also shows Increase in travel speed or a decrease in current causes
melt through depth to decrease along with an increase in roughness.
Bead width shows a decreasing trend with travel speed and the Melt
through depth shows a decreasing trend with travel speed. Their studies
help in controlling the bead parameters while depositing in the WAAM

process.

Montevecchi et al. proposed a WAAM modelling strategy that was
based on a heat source model that considers the actual power
distribution between electrode and substrate material [16]. The
effectiveness of the proposed model was proved by an experimental
validation with the help of a comparison between the measured
distortions for the WAAM tests case and the simulated model. They
have proposed a double ellipsoid heat source model and prescribed

Gaussian distribution of heat generation per unit volume.

Leng et al. described the distribution of arc pressure while depositing
with the TIG method and also analysed the effect of welding current,
electrode distance, and arc length on arc pressure [11]. Since the arc
pressure is an integral characteristic of arc and it has a substantial effect
on the bead appearance and deposition rate. The peak arc pressure
increases with arc current and decreases with arc distance. Control of

arc pressure is essential as excessive arc pressure will burn through the
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molten pool as it pushes the molten material to the rear of the molten

pool.

Murphy et al. Reviewed the effect of thermophysical properties of
shielding gas on the TIG arc especially those which affect the weld pool
[7]. Their studies suggested that weld pool depth can be increased by
using shielding gas of high thermal conductivity and specific heat.
Higher electrical conductivity of metal vapour causes low heat flux thus
a shallower weld pool. Their studies guided us that argon is a good
option as shielding gas for our purpose as it has sufficient temperature
to melt the deposition wire and also enough distribution zone of
temperature that a second wire could be introduced easily along with
less heat at substrate material ensuring there is no remelting of the

already deposited material.

Feng et al. proposed an innovative process to increase the deposition
rate using stainless steel as deposition material using a double wire feed
(DWF) set up in the Plasma arc additive manufacturing process and
they got succeeded in their efforts [6]. Also, along with the increased
deposition rate for DWF PAM the mechanical properties improved
with respect to the single wire feed PAM process. This increase in
deposition rate indicated that deposition rate could also improve with a

double wire feel setup when applied in Wire arc additive manufacturing
(WAAM).

2.2 Objectives of the Present Research

e Observing if the increase in wire deposition rate takes
place without increasing the power input for DWF
WAAM.

e Compare the melt pool parameters changes for DWF-

WAAM with respect to the SWF-WAAM process.
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e Optimization of parameters for efficient deposition
Optimization: GTAW-based WAAM process shall be
employed for the execution of the objectives. ER70S-6
wire of a diameter of 0.6 mm will be used as deposition
material.

e Employing methods to make bead parameters uniform
by controlling deposition parameters.

e In Situ monitoring of WAAM melt pool: a high speed
(500 fps) colour camera will be employed for the
purpose. different ND & IR filters of different optical
densities will be employed to prevent the arc light from
interfering with the melt pool image.

e Control of melt pool size during the WAAM process: arc
current, wire feed rate, and deposition speed would be

optimized.

2.3 Research Methodology

After reviewing the literature, we have tried to increase the deposition
rate by using TIG based WAAM process and also to make the bead
parameter more uniform by controlling the deposition parameters. First,
we deposited the linear layered specimen using the SWF WAAM
process and observed the maximum WFS that could be achieved with
complete melting, and then we did the same process for DWF WAAM
to find the maximum achievable WFS with complete melting. Then the
parameters of weld pool and bead have been analysed and we observed
if the deposition rate was increased for the DWF WAAM and bead
parameters variation with layers. Finally, attempts have been made to
make the bead parameter more uniform by decreasing current in
successive layers so that melt pool parameters could be controlled
which could control the bead parameters and make the bead parameters
more uniform. The methodology has been shown in the flow diagram

below.
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Chapter 3: Experimental details

3.1 Experimental setup

The in-house developed WAAM setup was used to perform the
experiments. The SNPS power source mode was used for the deposition
of WAAM beads. The optimized deposition parameters were used and
kept constant throughout the experiments i.e., 200 mm/min deposition
speed. A low alloy steel wire ER70S6 of 0.6 mm diameter was used as
deposition material (wire electrode). Table 1 shows the chemical

composition of ER70S6.
Table 1
Chemical Composition of ER70S6:

C Si Mn P S Ni Ti+Zr Cr M

0.07 092 155 0.012 0.012 0.03 0.019 0.04 0.01
0.01 024 0.009
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Fig. 3.1 pictorial representation of the experimental setup OF TIG

The deposition (TIG) torch was mounted on the Z-axis of the CNC

workstation to facilitate the process. The work plate was mounted on a

Fig.3.2 sample images of TIG deposited specimen

movable fixture that could provide XY movements. The movements
were controlled and carried out by a Mach3 CNC controller. A substrate
plate of AISI 1020 low carbon steel of 5 mm thickness was used for the
deposition purpose. Argon was used as a shielding gas at a constant flow
rate of 10 /min. A tungsten electrode (2% thoriated) of 2.4 mm diameter

was utilized at a constant standoff distance of 4 mm.

For the single wire feed constant current WAAM process WFS kept
constant at 200 mm/min and deposition was done at 140 and 180A
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current, 3 levels of WFS has used 3,4 and 5 m/min, and melt pool
parameters, bead parameters, and cross-section parameters were
observed for analysis. Single line layered deposition of 70 mm length

was carried out for the study and a total of 10 layers have been deposited.

Table 2
TIG parameters for constant current SWF WAAM process

Current (A) 140 140 180 180 180

WEFS (m/min) 3 4 3 4 5

For DWF constant current of 140A and 180A was used at a travel speed
of 200 mm/min, Total WFS was started from 3 m/min and increased up
to 4.8 m/min for 140A current and 8m/min for 180 A current. The
electrode vertex angle was kept at 45° for both the wire feeders. Melt
pool parameters and bead parameters were carried out for analysis and

Single line layered deposition of 70 mm length was carried out for the

study and a total of 10 layers have been deposited.

Fig. 3.3 DWF wire feeder alignment
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Table 3
TIG parameters for constant current DWF WAAM process

Current 140 140 140 180 180 180
(A)

WEFS 3 4 4.8 4 5 8
(m/min)

Table 4
TIG parameters for decreasing current in successive layers for

SWF WAAM process

Layers 1 2 3 4 5 6 7 8 9 10

Current | 180 | [75 [ 170 [ 165 | 160 | 150 | 140 | 130 | 120 | 110
(A) Ex.
19

3WEFES

Current | 210 | 200 [ 190 [ 180 | 170 | 160 | 150 | 140 | 130 | 120

A)

Ex. 2,
4WFS

For controlling the bead deposition parameters deposition was carried
out at decreasing current in successive layers, travel speed kept constant
at 200 mm/min and 2 experiments were carried out at decreasing
current in which current decreased from 180 to 110 in one experiment
and 210 to 120 in another experiment. Melt pool parameters and bead
parameters were carried out for analysis and Single line layered

deposition of 70 mm length was carried out for the study and a total of

10 layers have been deposited.
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For the analysis purpose of the melt pool video of the melt pool which
was taken at 500 fps was analysed, the video was converted to images,
and an average of melt pool parameters were taken for studies then
image processing was done in ImageJ software so that contrast could
be enhanced and melt pool could become more observable finally the
image was converted to the 8-bit grey image so that edge detection
could be used to identify melt pool zone. The electrode diameter of 2.4
mm which was visible in the videos was taken as a reference for
measuring the melt pool parameters. Since the video was taken from
the side view thus only melt pool length and melt pool height could be
observed but not melt pool width so the results are as per the available

melt pool parameters only.

For analysis of cross-section also image J was used and substrate plate
thickness of 5 mm was taken as reference for measuring the cross-
sectional and bead parameters and the edge detection ROI method was

used for measuring the cross-sectional area of the deposited bead.
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Chapter 4: Result and discussions

4.1 Observations for constant current SWF WAAM

4.1.1 Melt pool diagrams for different deposition conditions

At constant current SWF WAAM deposition when travel speed was
kept constant and linear layered deposition was done then it was
observed that melt pool parameters i.e., melt pool length and melt pool
height, have shown an increasing trend with successive layers. The
deposition was carried out at 2 values of constant current 140A and 180
A respectively. For 140A current at 3 WFS melt pool length increased
from 5.518 atlayer 1 to 11.211 at layer 10 and a similar increasing trend
was observed for other depositions also at different deposition
parameters. Fig 4.1, 4.2, 4.3 & 4.4 show the melt pool diagram with
successive layers for different deposition parameters and the melt pool
can be clearly observed from these images which show an increasing
melt pool parameter trend.

The highest WFS at which wire can be deposited was between 3 to 4
m/min (take 3.5) for 140 A current at 200mm/min travel speed, at 4
m/min the deposition was not continuous and also not complete melting
of wire was taking place at 4 m/min.

The maximum WFS was 5 m/min for 180 A at 200 mm/min travel
speed. There was a limit in the WFS for the wire feeder of 5 m/min thus
we could not increase the WFS more than 5 m/min but it was cross-

checked that at 170 A current it was not able to deposit the wire at 5
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m/min but at 180 A current deposition took place effectively, which
ensures the maximum WFR was 5 m/min for SWF WAAM at 180 A

current.

Fig. 4.1 Melt pool diagram at 140 A current at 3 m/min WFS
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Fig. 4.2 Melt pool diagram at 180 A current at 3 m/min WFS
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Fig. 4.3 Melt pool diagram at 180 A current at 4 m/min WF'S
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Fig. 4.4 Melt pool diagram at 180 A current at 5 m/min WFS

4.1.2 Melt pool parameter variations with successive layers
for different deposition conditions

When the graph has been plotted for consent current SWF WAAM
process then the melt pool length and melt pool height show an
increasing trend with successive layers which can be easily observed
with the graph. Since at initial layers the layer is deposited on the
substrate plate or close to it thus the thermal conductive resistance is
very less the heat loss rate is very high thus the majority of the heat gets
lost through the substrate plate thus melt pool size is less initially but
as the number of layers is increased then the distance of deposited layer
with the substrate plate increases thus thermal conductive resistance
gets increased each layer thus heat dissipation rate through conduction
decreases with succeeding layers causing more heat to get accumulated
in the melt pool zone itself thus melt pool size increases with successive
layers, but in the latter, most layers the effect of increasing thermal
conductive resistance gets stabilized thus very less increment in melt
pool parameter can be seen in the lattermost layers. With the increase
in the number of layers convective and radiative heat resistance gets
decreased but the conductive heat resistance dominates over these 2
heat resistances thus there is not much effect of it in the initial
deposition stages. Figures 4.5, 4.6, 4.7, 4.8 & 4.9 show the increasing
trend of melt pool with successive layers for different current and wire

feed rates.
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Fig. 4.5 Melt pool parameter graph at 140 A current at 3 m/min WFS
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Fig. 4.6 Melt pool parameter graph at 140 A current at 4 m/min WF'S
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Fig. 4.7 Melt pool parameter graph at 180 A current at 3 m/min WFS
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Fig. 4.8 Melt pool parameter graph at 180 A current at 4 m/min WFS
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Fig. 4.9 Melt pool parameter graph at 180 A current at 5 m/min WES

4.1.3 Effect of deposition parameters on melt pool parameters

With the increase in input heat, the melt pool parameter increases
because more heat is available to melt the wire, and also more heat is
available after melting the deposition wire. Also, with the increase in
WES and keeping all other parameters unchanged the melt pool
parameters increase because more material gets melted and deposited

per unit length.

4.1.3.1 Effect of increasing current on melt pool parameters

It can be observed from the graphs that with an increase in current
keeping the other parameters unchanged, the melt pool length and
height show an increasing trend. Fig 4.10, 4.11, 4.12 & 4.13 are the
graphs showing the effect of changing the current on the melt pool

length and melt pool height.
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Fig. 4.10 Melt pool length with current increased from 140 to 1804 at
3 WFS
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Fig. 4.11 Melt pool height with current increased from 140 to 1804 at
3 WFS
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Fig. 4.12 Melt pool length with current increased from 140 to 1804 at
4 WFS
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Fig. 4.13 Melt pool length with current increased from 140 to 1804 at
4 WFS
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4.1.3.2 Effect of increasing WFS on melt pool parameters

It can be observed from the graphs that with an increase in WFS keeping
the other parameters unchanged, the melt pool length and height show
an increasing trend. Fig 4.14, 4.15,4.16 & 4.17 are the graphs showing
the effect of changing the WFS on the melt pool length and melt pool
height.

bngth |
|

relt por

Fig. 4.14 Melt pool length with WFS increased from 3 to 4 at 1404
current
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Fig. 4.15 Melt pool height with WFS increased from 3 to 4 at 1404
current
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Fig. 4.16 Melt pool length with WFS increased from 3 to 5 at 1804
current
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Fig. 4.17 Melt pool height with WFS increased from 3 to 5 at 1804
current

4.1.3 Deposited layer height variations with successive layers
for different deposition conditions

When the thickness of the deposited layer was observed at a constant
current for successive layers then it showed the decreasing tendency in
deposited layer height with successive layers even when the melt pool
height was increasing with successive layers. This can be reconfirmed
with the cross-sectional image of the specimen that the width at the root
is lower compared to the top layer widths, with the succeeding layers
the spread of metal is increasing.

The possible explanation for such decreasing tendency could be as the
number of layers are increased then the melt pool size also increases
and the arc pressure causes the molten metal to spread sidewise which
causes the deposited layer height to decrease. The larger the melt pool
size more the spread of molten metal takes place causing a further
decrease in deposited layer thickness.

Variation of deposited layer height with the successive layers can be

seen in the graph shown in Fig 4.18

32



deac

Fig. 4.18 Variation of deposited layer height with successive layers at
1404 & 3 WFS

With the increase in the WFS since there was more material deposited
per unit length thus, the deposited layer height was decreasing with
successive layers but was still greater than the deposition that took place
at lower WFS. The graph in figure 4.19 shows the effect of increased
WES at 140A current.
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Layer height

Fig. 4.19 Effect of increasing WFS from 3 to 4 m/min at 140 A current
on bead layer height

With the increase in the current, the deposited layer height decreased,
keeping the other parameters constant. The observed result could be
explained by the same reason that as the current increased then the input
energy increased causing the melt pool size to increase, increase in melt
pool size was pushed by arc pressure causing the molten metal to be
spread sidewise causing the further decrease in the deposited layer
height. The deposited layer height was still showing decreasing
tendency with successive layers but still, it was less than the layers

deposited at a lower current value.

The graph in Fig. 4.20 shows the effect of an increase in current on

deposited layer height.
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Fig. 4.20 Effect of increasing current from 140 to 180 A at 3 WE'S on
bead layer height

4.1.4 Cross-sectional analysis for different deposition
conditions

The effect of changing current and WFS on bead cross-section was
studied and observation was found that with an increase in WFS
average bead width increased and average bead height also increased
because of more metal deposition per unit area. Also, with an increase
in current average bead width increased and average bead height
decreased because no additional material is deposited per unit length
but only the molten layer got spread more for higher currents Fig. 2.21
shows the cross-sections at different current and WFS values & Table
5 shows the effect of current and WFS on bead cross-sectional
parameters, Fig 4.22 shows the bar chart of bead parameters variation

with WFS and current.
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Fig. 4.21 Cross-section images at different deposition parameters at
200 mm/min travel speed

Table 5

028 6416 1.207 0208
6004 0% K028 7401
4561 6172 T080 6341
9212 19020 4800 “
0% 6.081 6610 6077
ouz 0642 LU | new

Table 6 Effect of current and WFS on bead cross-sectional parameters

Bead cross section analysis
60

30
20
10 I I I I

Maximum Specimen Maximum Specimen  Bead Width At Root(mm) Averzge Cross-section Averzge Width Averzge Layer Height
Height (H){mm) Width (W){mm) Area (A) (mm2) (A/H)(mm) (A/n) (104 m)

m140A3wfs m140 Adwfs m 180 A 3wfs 180 A4wfs m 180 A Swfs

Fig. 4.22 Bar chart showing the Effect of current and WFS on bead
cross-sectional parameters
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4.2 Observations for constant current DWF WAAM

4.2.1 Melt pool diagrams for different deposition conditions

Similar to the SWF WAAM process in the DWF WAAM process also
melt pool size increases with successive layers for constant current
deposition. The increasing trend can be explained with the same reason
as in SWF WAAM that melt pool length and melt pool height show an
increasing trend with successive layers Since at the initial layers the
layer is deposited on the substrate plate or close to it thus the thermal
conductive resistance is very less the heat loss rate is very high thus the
majority of the heat gets lost through the substrate plate thus melt pool
size is less initially but as the number of layers is increased then the
distance of deposited layer with the substrate plate increases thus
thermal conductive resistance gets increased each layer thus heat
dissipation rate through conduction decreases with succeeding layers
causing more heat to get accumulated in the melt pool zone itself thus
melt pool size increases with successive layers. With the increase in the
number of layers convective and radiative heat resistance gets
decreased but the conductive heat resistance dominates over these 2
heat resistances thus there is not much effect of it in the initial

deposition stages.

Melt pool of DWF WAAM was observed at 170 A current at 200
mm/min travel speed and a total of 3 m/min, SOD 4 mm, Electrode
vertex angle 45°, gas flow rate 10 I/min deposition length 60 mm,
substrate material AISI 1020 sheet 5 mm used and the images of
observed melt pool are as shown in Fig. 21, total 22 layers have been
deposited and it can be observed with melt pool images that with
successive layers melt pool length and melt pool height increased. Fig
4.23 shows the melt pool images of the double wire feed deposition
process and Fig. 4.24 shows Sample images of DWF deposited
specimen at a total of 4.8 WFS.
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LAYER 13

LAYER 16 LAYER 22

Fig. 4.23 Melt pool images for DWF WAAM at 170 A current, a total
of 3 WES, and 200 mm/min deposition speed

Fig. 4.24 Sample images of DWF deposited specimen at a total of 4.8
WFS

SWF WAAM was also deposited at a similar deposition condition to
compare the melt pool parameter of DWF WAAM with SWF WAAM
and it was observed that for a similar deposition condition melt pool
length and height are marginally bigger for DWF WAAM compared to
SWF WAAM. A total of 12 layers were deposited for SWF WAAM at

the same deposition parameter.

Fig 4.25 & 4.26 shows the variation of melt pool length and height for
both SWF WAAM and DWF WAAM.
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Fig. 4.25 Melt pool size at 170 A and 3 WFS for SWF WAAM
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Fig. 4.26 Melt pool size at 170 A and 3 WF'S for DWF WAAM
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4.2.2 Deposited layer height variations with successive layers
for different deposition conditions for DWF WAAM

Similar to the SWF WAAM process when the height of the deposited
layer was observed at a constant current for successive layers then it
also showed the decreasing tendency in deposited layer height with
successive layers even when the melt pool height was increasing with
successive layers. This can be reconfirmed with the cross-sectional
image of the specimen that the width at the root is lower compared to
the top layer widths, with the succeeding layers the spread of metal is
increasing.

The possible explanation for such decreasing tendency could be as the
number of layers are increased then the melt pool size also increases
and the arc pressure causes the molten metal to spread sidewise which
causes the deposited layer height to decrease. The larger the melt pool
size more the spread of molten metal takes place causing a further
decrease in the deposited layer height.

Variation of deposited layer height with the successive layers can be

seen in the graph shown in Fig 4.27.
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Layer Height variation for DWF WAAM process

Layer Height (mm)
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Fig. 4.27 Layer height for deposition at 1404 4.8 WFS & 1804 8 WFS

4.2.3 Comparison of deposition rate between SWF WAAM &
DWF WAAM

It was observed that for the SWF WAAM process done at 140 A current
and 200 mm/min travel speed then maximum optimized WFS was 3.5
m/min which is 989.982 mm?/min for a wire diameter of 0.6 mm and
for the same deposition condition when the deposition was done for
DWF WAAM process then optimized WFS was coming out to be 5
m/min which is 1414.26 mm?/min for wire diameter 0.6 mm.
Similarly for the SWF WAAM process done at 180 A current and 200
mm/min travel speed then maximum optimized WFS was 5 m/min
which is 1414.26 mm?3/min for a wire diameter of 0.6 mm and for the
same deposition condition when the deposition was done for DWF
WAAM process then optimized WFS was coming out to be § m/min
which is 2262.816 mm?/min for wire diameter 0.6 mm.

Thus, a total 0f 37.14 % of increment in deposition rate was observed
for the 140A current and a 60% of increment in deposition rate was
observed in the 180A current. The increase in deposition rate was

obtained without increasing the input power which confirms that the

41



deposition rate can be increased using the DWF without increasing the
input energy.

This also solidifies our given reason for the improvement in the
deposition rate which was that the temperature and power distribution
of arc between electrode and melt pool is bell-shaped and wire that is
fed covers very less area of arc zone. So a substantial amount of energy
goes to the melt pool which can be utilized for second wire deposition.
Table 6 shows the comparison of deposition between SWF WAAM and
DWF WAAM and Fig. 4.28 shows the bar chart of the comparison of
Deposition rate comparison for SWF &DWEF at 140A current & Fig.
4.29 shows the bar chart of the comparison of Deposition rate

comparison for SWF &DWF at 180A current

Table 6

Travel speed | Maximum Maximum | Maximum Maximum Percentage
(mm/min) . material | WFS for  |material of increment
deposition |DWF ‘ deposition in deposition

rate for SWF | (m/min) ‘ rate for SWF | rate for
(mm>*/min) | (mm?/min)

- 140 200 35 989.982 5 1414.26 37.14
- 180 200 5 1414.26 8 2262816 60

Table 6 comparison of deposition between SWF WAAM and DWF
WAAM
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Deposition rate comparision for SWF & DWF at 140A
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W 140A SWF ® 140A DWF
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Fig. 4.28 Deposition rate comparison for SWF &DWF at 1404 current

Deposition rate comparision for SWF & DWF at 180A
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Fig. 4.29 Deposition rate comparison for SWF & DWF at 1804 current
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4.3 Observations for decreasing current in succeeding
layers for SWF WAAM

4.3.1 Melt pool diagrams for decreasing current in succeeding
layers for SWF WAAM

Controlling the bead thickness has been a challenging task for the
WAAM process thus many efforts have been made to control it. We
have also tried to control it by decreasing the current at each successive
layer and it has shown a promising result for controlling the deposited
layer thickness.

It was observed that when the deposition was done with the decreasing
current in each layer then initially the melt pool length and height
increased then became steady and in the latter most layer it decreased a
bit. This observation could be explained by combining the effect of
change in 2 parameters simultaneously. As with succeeding layers the
thermal resistance increases which tends to increase the melt pool size
while with each layer since the current has been decreased thus
reducing heat input in succeeding layers which tend to decrease the melt
pool size. Since both of these parameters tend to oppose each other thus
initially since the thermal resistance dominates thus little increment can
be seen in melt pool size but after some layers, both parameters
dominate equally thus steady melt pool size is observed, and at later
most layers since the effect of thermal resistance is not increased that
significantly thus reduction in heat input dominates thus melt pool size
decreases.

Initially at first layer current was taken 210A and then with each layer

current was reduced by 10A, WFS was taken at 4 m/min and the
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observed melt pool has been shown in the Fig 4.30 and Fig 4.31 shows
the graphical representation of the melt pool length and height with

successive layers for decreasing current in successive layers.

Fig. 4.30 Melt pool diagram for decreasing current from 2104 to 1204
current at 4 m/min WFES

Melt pool parameters for Decreasing current

——210-1204 H —-—210-1204 L 4

Avg maximum melt pool height
Avg maximum melt pool length

Number of layers

Fig. 4.31 Melt pool length and height variation for decreasing
successive layer current at 4 WFS

4.3.2 Deposited layer height variations with successive layers
for decreasing successive layer current deposition
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When the height of deposited layer was observed at decreasing
successive layer current, for successive layers then it showed steady
deposited layer height with successive layers initially and decreased a
bit in latter most stages.

The possible explanation for such steady deposited layer height could
be as the number of layers is increased then the melt pool size initially
increases and then becomes steady which does not let the arc pressure
cause the molten metal to spread sidewise to that much extent, which
ultimately leads the deposited layer height to become steady.

Table 7 shows the deposited layer height observed and current used at
each layer which confirms the steadiness of the deposited layer height
and Fig 4.32 shows a graphical representation of the deposited layer

height with successive layers.

Layers |1 2 3 4 5 6 7 8 9 10
Current (18 |17 |17 [16 |16 (15 |14 [13 [12 | 11
(A) Ex. |0 5 0 5 0 |0 0 0 |0 0
1,
3WFS

Thickne | 1. 1 1 0. 10. [O. 1. 1 0. |0.

ss (mm) | 1 9 8 6 3 8 9
Current |21 |20 |19 |18 |17 |16 [15 [14 |13 | 12
(A) 0 0 0 0 0 0 0 0 0 0
Ex. 2,

4WFS

Thickne | 1. I. (L. [O. 1. |1 1 1 1. 1
ss (mm) |4 3 1 8 3 2 4

Table 7 Deposited layer height variation for decreasing successive
layer current

Table 7

46



Fig. 4.32 Deposited layer height variation for decreasing successive
layer current

Since constant current at each layer gives the decreasing trend of
deposited layer height and decreasing successive layer current shows
steady deposited layer thickness thus decreasing successive layer
current can be used to control the layer height.

Fig 4.33 & 4.34 shows the comparison of deposited layer height
between deposition at constant successive layer current and deposition

at decreasing successive layer current.

47



IO ot Qoudsiig Luiicnion el et

-
» -

Larger height (rmmy

-
-

~180A 3wfs  —~180-110 3wfs

°

’ T - L | ] | 1
Number of layers

Fig. 4.33 Deposited layer height comparison between constant &
decreasing successive layer current at 3 WFS
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Fig. 4.34 Deposited layer height comparison between constant &
decreasing successive layer current at 4 WFS
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Chapter 5: Conclusions and Future Scope

5.1 Conclusions

* With successive layers for constant current SWF WAAM
process, the length, and height of the melt pool increase.

* With the increase in WFS and current, melt pool length and
height show an increasing trend.

* Even though the melt pool parameters increase with successive
layers but bead layer height shows a decreasing trend with
successive layers for the SWF WAAM process.

* With the increase in WFS the deposited layer height increases
and with an increase in current deposited layer height decreases
for the SWF WAAM process.

*  Melt pool length and height for DWF WAAM show a similar
trend as SWF WAAM process but are slightly higher than SWF
WAAM for the same deposition condition.

* Increment in deposition rate of 37.14% for 140A current and
60% for 180A current was observed for DWF WAAM process
compared to SWF WAAM process without increasing the input

energy and without altering the deposition parameters.
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* With decreasing current in successive layers melt pool length
first increases then stabilizes then again decreases while melt
pool height first increases then stabilizes but not decreases at
latter most layers.

* Bead layer height decreases with successive layers at constant
current but it stabilizes for decreasing current in successive
layers.

* With the increase in current and increase in WFS bead width
increases.

» It was observed that layer height was correlated with melt pool

size.

5.2 Future scope

e Different melt pool size controlling methodologies can be used
which will further control the layer thickness and provide
steadiness in the deposited layer parameters thus more uniform
properties.

e On WAAM, the control system can be used to produce
complicated 3D items with minimal defects

e The correlation between the layer thickness and current with the
succeeding layer can be made to control the layer thickness.

e Using the hot wire feeders further increase in deposition rate can

be expected for both SWF and DWF WAAM processes.
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