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Abstract

Functionally Gradient Material (FGM) may have a controlled variation of the
material matrix so as to obtain the desired distribution of the properties such as
color, density, porosity, hardness, toughness etc. There is a growing interest in FGMs
due to their ability to offer high toughness, high strength, machinability, better
resistance to corrosion and oxidation effects, and facilitating bonding of metals
without severe internal thermal stresses. However, actual realization of FGMs still
remains a challenge. Most naturally occurring objects are gradient in nature; examples
are bamboo, bone, stone etc. Most man-made objects on the other hand are uniform.
This is mainly due to the complexity involved in their design and subsequent

manufacturing.

The objects built through Additive Manufacturing techniques are inhomogeneous or
non-uniform, i.e., they are inherently anisotropic. When this inherent nature is
carefully exploited, the anisotropy transforms into the desired distribution of the
properties. Weld-deposition based Additive Manufacturing techniques offer unique
advantages on that front due to their ability to control the properties of the
deposited matrix by controlling the process parameters like current, layer thickness
etc. Preliminary experiments carried out this subject have shown that the hardness
of the material is dependent on the weld-deposition current. Hence, online control
of the same will help in manufacturing a metal matrix with variable hardness value.
The variation possible through this method however will be limited in nature. A wider
control of material properties can be obtained with the help of tandem weld-deposition
setup like twin-wire. In twin-wire weld-deposition, two filler wires (electrodes) are
guided separately and it is possible to control each filler wire individually. The present
work focuses on obtaining a wide range of material properties by selecting filler wires
with complementary properties and controlling the deposition rate of each of them

separately.

The experimental setup of Twin-wire Weld-deposition based Additive Manufacturing
(TWAM) are discussed in detail. Working principle of twin-wire weld-deposition

process along with the individual attachments viz. welding torch, wire feeder and



power source are also presented. ER70S-6 and ER110S-G are the two filler wires used

for the study; the former has lower hardness than the latter.

The range of process parameter for different combinations of these filler wires was
determined and the operating range of the same was identified. A second order
regression equation for predicting weld bead geometry of width and height as a
function of wire speed and torch speed was generated based on a series of experiments
and subsequently validated. Subsequently, the criterion for adapting the twin-wire
welding from joining to weld-deposition of a complete layer like thermal steady-state
condition, effect of torch direction and effect of overlapping beads have also been
studied.

Having established the primary process parameters and the secondary operating
condition for the TWAM process, various experiments carried out to identify the
suitable process parameters at a given location for a desired variation of hardness have
been presented. A predictive model for obtaining the wire speed of the filler wires
required for a desired value of hardness was also created. The following four sample
layers were fabricated to demonstrate the concept of realizing FGMs through TWAM
(1) gradient in stepover direction (2) gradient in weld-deposition direction and (3)
gradient in both the directions (4) gradient in three dimensions. The latter two as the
hardness variation is occurring in every weld-bead, a given weld-bead has to be
divided into multiple sub-programs and each sub-program representing the particular
set of process parameters has to be called from the robot controller. The fabricated
parts showed good match with the desired hardness values for a given location.
Furthermore, to demonstrate the possible applications of TWAM, two illustrative

examples were fabricated.

Once the methodology for fabrication of FGMs has been established, characterization
of objects fabricated through TWAM have been undertaken. Specimen made with five
different combinations of filler wires {100:0, 75:25, 50:50, 25:75, 0:100} were used
for the analysis. These specimen were examined further by subjecting them to micro
hardness, microstructural, X-Ray Fluorescence (XRF), Energy Dispersive X-ray
analysis (EDAX) and X-Ray diffraction (XRD) analysis. Further on, the width of the



transition region while switching over from one set of parameters to another was also
investigated. That will help in assessing the best possible resolution of the gradient
matrix possible.

Modelling of the welding process is felt necessary to understand the evolution of the
material properties and to better control the thermal and structural characteristics like
residual stresses resulting from the process. With the help of Finite Element Analysis
(FEA) and experimental methods, the effect of area filling paths on the residual
stresses developed during weld-deposition have been investigated. Three area-filling
patterns viz. raster, spiral-in and spiral-out were chosen. FEA for these three patterns
was done using ANSYS Mechanical APDL. The twin-wire arc weld-deposition was
modeled as a set of two moving heat sources separated at a fixed distance. The
deposited material was activated by element birth method once the arc passes over a
location, simulating the weld material deposition. The temperature gradient induced
residual stresses produced during and post material deposition were predicted using
passively coupled thermo-mechanical simulations. For validation, the residual stresses
in the weld-deposition specimen were measured using an X-ray diffraction (XRD)
system. Temperature distribution plays a critical role in the evolution of the residual
stresses during weld-deposition. Hence, two metrics viz., thermal mismatch profile
and secant-temperature rate were introduced to quantify preheat and conduction. It
was observed that raster patterns had the lowest thermal mismatch and secant-rates
resulting in lowest residual stresses of the three area-fill patterns. Residual stresses
from experiments are of the same order as those obtained from elastic-FE simulations,
however, with a low accuracy of the prediction. Hence, these cannot be directly used
for investigating the residual stresses developed. Nevertheless, for comparing the

various area-fill patterns, these simulations can provide preliminary insights.

With a combination of (1) process parameter study of twin wire deposition, (2)
manufacturing of gradient objects, (3) characterization of gradient layers, (4)
modelling of twin wire deposition process, this research attempt tries to establish twin-
wire weld-deposition based additive manufacturing as the viable method for the
manufacture of functionally gradient materials.
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Chapter 1

Introduction

1.1 Background

In today’s competitive market novel product design and manufacturing are more
essential to sustain, in the process it is equally important to reduce cost, increase
productivity, and quality, response from the customer or customer satisfaction. To
tackle competitive market and accelerate the product manufacturing and development,
additive manufacturing (AM) technologies have emerged extensively over the last 20
years. Various methods of additive manufacturing process will be discussed in the

literature survey section.

ASTM introduced its abbreviated on Additive Manufacturing (AM) defines it as a
process of joining materials to make objects from CAD data, usually layer upon layer,
as opposed to subtractive manufacturing methodologies, such as traditional
machining. Stereolithography file format (STL) has been a standard method of input
to any additive manufacturing machine. STL format contains only surface mesh
information and it cannot store color, material variety and other gradient properties.
Although, some of AM processes managed to fabricate the color or gradient
parameters by controlling the machine settings, mirroring the same in STL was still a
bottleneck. Hence, in 2012, ASTM adopted a standard format called Additive
Manufacturing Format (AMF) capable of storing color or gradient properties,
although the format is still under development (ASTM F2915 2015).

m
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Figure 1.1. Additive manufacturing build process.



Figure 1.1 shows additive manufacturing build process in which the manufacturing of
any object begins with the CAD model. The data can be generated in number of ways
such as CAD software, reverse engineering, and so on. In the next step, the process
planner does the slicing of CAD model and calculates the number of layers required
for a given model. This information is sent to the deposition machine to obtain

physical part.

Most significant advantage of additive technologies is that the manufacturing process
chain of given product/component can be minimized over conventional machining
process. Additionally, the process is fully automatic, less human intervention between
the processes, hence, accuracy of parts also increases. Today wide variety of
applications are using AM process, Figure 1.2 shows a survey conducted by Wohlers

associates on the approximate revenue from various segments each in percentage.

Architectural Other

3.9% 3.6% Motor vehicles

18.6%

Government/military

5.2%

Academic institutions
6.8%

Aerospace
10.2%

Medical/dental

16.4% Industrial/business

machines
13.4%

Consumer
products/electronics
21.8%

Figure 1.2. Approximate revenues in AM from various industry sectors (Wohlers
Associates 2016).

1.2 Classification of Metallic AM Processes
To cater to the vast variations of the manufacturing environment, a number of multi-
faceted and hybrid approaches are employed for AM. All these approaches to AM can
be grouped into the following four groups of technologies for metallic objects:

1. Laminated manufacturing

2. Powder-bed technologies

3. Deposition technologies

4. Hybrid technologies



1.2.1 Laminated manufacturing

Laminated manufacturing is the simplest additive method. Laminated Object
Manufacturing (LOM) is the first commercial RP process to produce objects by gluing
the suitably profiled paper laminates automatically. LOM deviated from the
conventional wisdom of “cut-then-paste” and adopted “paste-then-cut” approach
which resulted in an inherent support mechanism and simplified the handling of the
laminates. For obvious reasons, only cut-then-paste approach is suitable for laminated
tools. As injection moulding, pressure die casting or forging involve liquid or semi-
solid material which may ooze into the laminates, tying the laminates is not suitable
for these applications. Therefore, there have been many attempts to develop other
joining methods such as adhesive bonding, brazing, ultrasonic welding and diffusion
bonding. Efforts were also made to minimize the stair step effect through 4-axis
machining/laser cutting of the edges of the laminates or finish-machining the

assembled dies.

1.2.2 Powder-bed technologies

A powder-bed technology is an AM process in which each layer is realized by first
spreading a layer of powder and then joining the particles constituting the desired
cross section of the object using a focused tool. Most powder-bed technologies for
metallic objects require post-processing in a furnace for removing the binder and/or
completing the sintering. Another furnace process for copper-impregnation is required
in some processes to close the surface voids. This is essential in dies and moulds to
improve the polishability and hardly densifies the object; densification can be
achieved through Hot Iso-static Pressing (HIP). The size of the powder particles

limits the layer thickness and hence the accuracy.

1.2.3 Deposition processes

In a deposition technology, the layer is woven with the help of a nozzle through which
the desired material comes out. The layer weaving will generally have two parts, the
boundary profiles and the interiors. FDM is the most popular process of this type for

thermoplastics. Subsequently this concept has been extended for building metallic



objects using weld-deposition. Perhaps, “plastic welding” using a coil of filament
adopted in FDM was itself inspired from GMA welding. The weld-deposition may be
done using laser, electron beam or arc. Ability to build fully dense as well as gradient
objects makes the deposition technologies more attractive. The only problem with the
deposition technologies is the need for a sacrificial support mechanism required to

build overhanging features.

1.2.4 Hybrid processes

A hybrid process is additive process augmented with material removal. Hybrid
approach is not new to RP. While LOM used laser to cut the contours of the layers,
Solid Ground Curing (SGC) and Sander’s ModelMaker-11 used milling to achieve
vertical accuracy. A hybrid RM process uses laminated manufacturing, powder-bed
technology or deposition technology for building the near-net shape and CNC
machining to finish it to the required final dimensions. This two-level approach
focuses on material integrity during material addition and geometric quality during
material subtraction. One may subject the near-net shape to stress relieving or heat

treatment as required before finishing.

1.3 Functionally Gradient Materials

They are heterogeneous objects with material composition and microstructure that
change in a designed manner in the parts. The concept of FGM was originally
proposed to develop materials thermally and mechanically resistant in propulsion
systems and for applications like directionally conductive materials. Material
distribution allows choosing distribution of properties to achieve the desired features.
Thus, it is possible to change properties of the materials.

Since then evolution of this concept in the 1990’s, various works have been done to
develop processes for manufacturing of FGMs. However, the majority of FGM parts
which are manufactured with these processes are not functional. They are test-parts,
with simple morphology and discrete multi-material distribution. These samples are
manufactured to study material properties and mechanical or biocompatibility

characteristics. As most of the actual applications today assume the fabrication of only



a homogeneous material matrix possible, real case studies in FGMs being used are
indeed rare. It is hoped that with the new possibilities being opened by AM, designers

will empowered to contemplate more complex parts with varying properties.

There are many techniques available today to fabricate the functionally gradient
material, some of the prominent being vapor deposition, powder metallurgy,
centrifugal method in addition to additive manufacturing. Vapor deposition technique
is mainly used for very thin surface coatings where microstructure and other
properties can change. In powder metallurgy techniques, different form of powder
material is used for achieving gradient objects. Centrifugal techniques, as the names
implies, are based on centrifugal force; the material will get dispersed and bulk
material will be controlled to form gradient in the object. The above three techniques
have limitations in the extent of gradient nature or flexibility of the process as they
rely upon manual process planning. Due to its ability to tackle the above limitations,
Additive Manufacturing was looked by many researchers as a better alternative to
realize gradient structure as it is based on selective addition of material at required

location.

Among the AM processes available today FGMs are possible through binder jetting,
directed energy deposition, material jetting, powder deposition and sheet lamination.
Amongst these, except deposition methods all other methods are either limited to non-

metal or provide only unidirectional gradience.

1.4 Motivation for the Project

Based on the energy source used, AM techniques can be classified as those using laser,
electron beam or arc. Arc based weld-deposition techniques offer unique advantages
over laser and electron beam due to higher deposition rates and material utilization
ratio; deposition rate in arc based additive manufacturing reported 50-130g/min for
single wire whereas deposition rate in laser and beam is in order of 2-10g/min
(Suryakumar et al. 2011). Although the surface finish of arc is inferior to that possible
with electron beam or laser, the finish machining operation common to all the three

compensates for the loss. Arc based weld-deposition also has the ability to control the



properties of the deposited gradient matrix through the control of process parameters
like current, layer thickness, torch orientation, etc. Due to these advantages, arc based
weld-deposition has been selected for the present work. Weld-deposition can be
automated by attaching the weld-torch to a robot. The current research uses Twin-
wire welding for arc deposition and a kuka robot machine to control the position of

welding torch.

The following are the various approaches for realizing functionally gradient matrix:
1. Varying process parameters in weld-deposition

2. Controlling the proportion of individual wires in Twin-wire weld process

- ]
( FGM \w
\_ )
Controlling the process Controlling the
parameter proportion of different
(Current, Voltage etc.) filler wires

Figure 1.3. Methods to achieve functionally gradient matrix by weld-deposition.

It is possible to build gradient matrix objects by varying parameters like weld-
deposition current, voltage, weld direction. The yield and ultimate strength are the
two important mechanical properties desired to be controlled. These can be inferred
by carrying out tensile tests. Earlier experiments by various researchers studied the
influence of current on the tensile properties (Suryakumar et al. 2011) from the study,
it is clear that mechanical properties of the object are dependent on the weld-
deposition parameters. Hence it is possible to achieve desired mechanical properties
at a point through the careful control of the weld-deposition parameters. These studies

were done with single welding wire.

A wider control of material properties can be obtained by using two different welding
wires. A time-twin weld-deposition setup is quite suitable for the same. A significant

advantage of time-twin weld-deposition is that each electrode has a separate contact



tube, the contact tubes are electrically insulated from each other. It is thus possible

that the two electrodes have different electrical potentials. Time-twin welding set is

used at II'T Hyderabad. Two electrodes, two electric arcs are generated that can be

adjusted and improved independent of one another.

1.5 Problem Definition

The aim of this thesis is “to develop a generic Twin-wire Weld-deposition based

Additive Manufacturing (TWAM) facility capable of manufacturing functionally

gradient materials/objects/components of metals and applications”. This involves:

1 Preliminary study of parameters affecting TWAM process

Finding range of process parameter like welding current, torch speed,
stepover increment, for smooth weld bead.

Finding effects on weld bead geometry by varying weld process
parameters.

Finding relation between process parameters with mechanical properties

like hardness.

2 Manufacture of Functionally Gradient objects through TWAM

To identify suitable process parameters for desired variation of hardness.
Developing a predicted model for manufacturing of gradient object.
Fabrication of FGMs through TWAM in step-over direction, weld-
deposition direction and thickness direction.

Demonstrate applications of TWAM.

Characterization of Twin-wire weld-deposited objects

Characterization and examination of the specimens by X-Ray
Fluorescence (XRF), Energy Dispersive X-ray analysis (EDAX) and X-
Ray diffraction (XRD) analysis.

Assessing the best possible resolution of the gradient matrix possible

ensuring stability in TWAM process.



4 FEA Modelling of Twin-wire Weld-Deposition
i A finite element model was implemented to predict the residual stresses.
ii. FE analysis was carried out to obtain the temperature distributions.

iii. Residual stresses measured using X-ray diffraction were compared with

those from the FE simulations.

1.6 Organization of the report
The work presented in this dissertation falls into four broad categories: (1) process
parameter study of twin-wire deposition, (2) manufacturing of gradient objects, (3)

characterization of gradient layers, (4) modelling of twin-wire deposition process.

Chapter 1 an introduction to the work is presented. It starts with emphasizing the
Additive Manufacturing process principle, motivation of project, problem definition
and organization of report.

Chapter 2 discusses extensive literature survey of various methods of metallic AM,
various methods are available to fabricate the gradient objects through AM and

comparison of energy sources available.

Chapter 3 presents the experimental set up of TWAM, with details of twin wire

process, robot programming, and setup integrating weld-deposition unit, kuka robot.

Chapter 4 discusses studies into weld-deposition process parameters, establishing the

range of process parameter that can be varied/acceptable for TWAM process.

Chapter 5 discusses the manufacturing of gradient layers in various combinations and

directions. Two demonstrative case studies are also presented.

Chapter 6 discusses the characterization of TWAM samples followed by
investigations into the best possible resolution of the gradient matrix that can be
obtained in TWAM.



Chapter 7 discusses the FEA modelling of twin-wire weld-deposition and evolution

of residual stress for various filling patterns in AM process.

Chapter 8 concludes the work done followed by the future scope of the work.



Chapter 2

Literature Survey

2.1 Introduction

This review section provides an insight into additive manufacturing process and
functionally gradient material/objects. The early origins of the additive manufacturing
process dating back to 1980°s were primarily meant for prototyping applications, it
has matured today to the stage of directly producing functional components. Rapid
Prototyping, Rapid Manufacturing, Direct Manufacturing, Direct Digital
Manufacturing, Additive Digital Manufacturing, Additive Layer Manufacturing,
Freeform Fabrication, Solid Freeform Fabrication, Desktop Manufacturing, 3D
printing are few names of this approach, which also signify the various phases of
development of the process. While the early stages of AM focused only on polymers,
the demands from the industry led to the development of processes capable of
handling metallic, ceramic and gradient materials. There are many engineering,
biomedical etc. applications which require gradient or multiple materials opening
potential research frontiers for the research community that will be discussed in the

subsequent sections.

2.2 Metallic Additive Manufacturing

Various energy sources are available for sintering and/or depositing the material
in additive manufacturing for metallic objects. These can be mainly categorized
as laser based, electron beam based and arc based (discussed in the subsequent
section). While laser and electron beam offer better surface finish, it is possible
to achieve high deposition rates in arc based weld-deposition. The inferior surface
finish of arc can be compensated by going for a hybrid system, combining deposition
and machining. Due to these reasons, hybrid approaches have evolved as attractive
methodology: creation of near-net shape with weld-deposition and using machining

to obtain the final geometry.



Spencer et al. developed a process named three-dimensional welding for creating
metallic components using GMAW (Gas Metal Arc Welding) process (Spencer,
Dickens, and Wykes 1998). Subsequently, many researchers have combined the weld-
deposition with machining to overcome the problems of accuracy of subsequent layers
and oxide layer formation on top of weld-deposition (Song and Park 2006).
Karunakaran et al., integrated CNC and weld-deposition to create the near-net shape
(using weld-deposition) and final component (using machining) in the same station
(Akula and Karunakaran 2006; K. P. Karunakaran et al. 2010; Suryakumar et al.
2011). These earlier studies on process planning, operating parameters, accuracy,
surface finishing etc., helped in establishing the use of weld-deposition as a viable
means of creating homogenous metallic components. However, the potential of weld-
deposition to also vary the material properties and create functionally gradient

materials was not probed.

Based on material deposition method, additive manufacturing for metallic object can
also be classified into Laminated Manufacturing, Powder bed technology and

deposition technologies as shown in Figure 2.1.

Additive Manufacturing

V

4

Vv

Laminated
Manufacturing

Power bed
Technologies

Deposition
Technologies

v V.
Bonding Sintering Fusion
\2 v v
Laser Electron Beam Arc

Figure 2.1. Classification of metallic additive manufacturing methods.

2.2.1 Laminated Manufacturing
Laminated manufacturing also known solid laminated process, is one of the early
technologies in the additive manufacturing process. This process uses paper sheet or

metal foils in continuous rolls as raw material and a laser as a profile cutting tool. In
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this method, Nakagawa et al. fabricated tools using sheet metal. Later wimpenny et
al. also developed various forms of rapid tooling; Figure 2.2 shows some such cavities
fabricated through rapid tooling (Wimpenny, Bryden, and Pashby 2003; Nakagawa
2000).

(a) (b)
Figure 2.2. (a) The CAD model of BMW cowl tool showing conformal cooling.(b) Finished
tool cavities (Wimpenny, Bryden, and Pashby 2003).

Ultrasonic Consolidation, This process, originally developed and later
commercialized by Solidica Inc USA in 2000 is also known as Ultrasonic Additive
Manufacturing (UAM). UC involves sequential ultrasonic welding of metal foils. It
uses a rotating cylindrical sonotrode to join two layers of metal foil (Figure 2.3). It
employs applied pressure and ultrasonic vibrations to create friction between two

layers, thus resulting in a solid-state weld between the foils.

Rotating
Sonotrode Force applied by sonotrode

n Direction of l l l l Metallurgical bond formed
- -

Travel
Ultrasonic interfacial
vibration /
20 m
breaks up oxides

A TTT
Vi
~J -
Heated Base T T T T Interfacial strain energy leads to

plastic deformation and
intimate contact

Held stationary by base plate

(Sonolrode

Feb by automated
foil feeder \ Newly deposited foil

Previously
1 ited foil
[ 1

| Base plate I

Figure 2.3. Schematic of ultrasonic consolidation (Gibson et al. 2010).
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This occurs due to the unique feature in ultrasonic processing wherein a high level of
the plastic flow of metal is obtained at low temperatures and pressures. Figure 2.4 (a—

f) illustrates the steps utilized to fabricate a honeycomb object by using this process.

Figure 2.4. Fabrication process for a honeycomb assembly using Ultrasonic
consolidation (Gibson et al. 2010).
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2.2.2 Powder-bed Technologies

Powder-bed technologies generally use fine powders of sizes approximately ranging
from 5-50um, in a layer by layer manner to build object while sintering/melting each
layer with power source such as laser or electron beam. Figure 2.5 shows one such
method in which the setup comprises of a powder spreader, a build platform, and a
power source. The powder spreader spreads a thin layer of powder on the build
platform, power source traces the region to build the layer. Once a layer is completed,
build platform moves downward by the thickness of each layer. This process is
repeated for the rest of the component. There are four common approaches of powder
bed fusion processes in the creation of complex metal components: full melting,
liquid-phase sintering, indirect processing, and pattern methods. The following are
some of the powder bed methods based on laser, electron beam and binder as the agent

for forming the metal powder.

Selective Laser Sintering, developed at the University of Texas at Austin, USA, was
the first commercialized powder bed fusion process. A counter-rotating powder
leveling roller fuses thin layers of powder which is spread across the build area. To
minimize the oxidation and degradation of powdered material, the enclosed chamber
filled with nitrogen gas is used for part building process. The powder in the build
platform is maintained at an elevated temperature just below the melting point and/or
glass transition temperature of the powdered material. Elevated temperature around
the part being formed is maintained by placing infrared heaters above the build
platform and above the feed cartridges to pre-heat the powder prior to spreading over
the build area. After the powder is spread across the bed and pre-heated, a laser beam
is focused onto the powder bed fusing the material thermally and thus creating a new
layer. The un-melted powder, acts as a support material for the subsequent layers

eliminating the need of secondary support material.
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Figure 2.5. Selective Laser Sintering process (SLS) (Gibson et al. 2010).

Selective Laser Melting (SLM), Selective laser sintering discussed in the previous
section uses low laser power which results in partial melting during laser scanning
creating parts with relatively low strength. Selective laser melting (SLM) process on
the other hand melts the powder creating stronger parts. The SLM process is very
similar to SLS with the exception of usage of a high power laser to achieve complete
melting of powder. Figure 2.6 illustrates the principle of the process and Figure 2.7

shows some of the fabricated parts.

Deposition of powder layer Slicing 3 D-CAD volume model
Scanning o m—
: e
Lowering the
. Removal of component
platform

i

Figure 2.6. Principle of Selective Laser Melting (SLM) process (Hinduja and Li 2013).
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Medical Technology Prototyping

Figure 2.7. Current applications of SLM (from left: tooling insert with conformal cooling
channels, dental restorations (CoCr), hip implant (titanium), pneumatic valve (Hinduja and
Li 2013).

Electron Beam Melting (EBM), is another approach in powder bed technology which
uses a high-energy beam to induce fusion between metal powder particles. This
technology was developed at Chalmers University of Technology, Sweden. Table 2.1

shows the comparison of electron beam and SLM process.

Electron Beam
Column

Filament

Astigmatism lens

Focus lens

Deflection lens.

Heat shield

Vacuum

chamber y

Electron Beam

Rake

suldtank = |

Saim

Figure 2.8. Schematic of an EBM apparatus (Arcam 2015).
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Table 2.1. Comparison of EBM and SLM (Gibson et al. 2010).

Characteristic
Thermal source
Atmosphere
Scanning

Energy absorption
Powder pre-heating
Scan speeds

Energy costs
Surface finish
Features resolution

Materials

Electron beam melting
Electron beam

Vacuum

Deflection coils
Conductivity-limited

Use electron beam

Very fast, magnetically-driven

Moderate
Moderate to poor
Moderate
Metals(conductors)

Selective laser melting
Laser

Inert gas
Galvanometers
Absorptivity-limited
Use infrared heaters
Limited by galvanometer
inertia

High

Excellent to moderate
Excellent

Polymers, metals and ceramics

2.2.3 Deposition Technologies

Deposition technology works on the principle of a partially or fully melted material
from a design head dropping/splashing to the bed through nozzle, as it is solidified to
form a three dimensional object. Like the powder-bed, in this case too, the energy can

be supplied through use of laser, EB or arc.

Laser Engineered Net Shaping (LENS), was introduced by Sandia National
Laboratories, USA, and marketed by Optomec Design Company, USA. In 1997,
Optomec’s launched “LENS 750 the commercial version of the process. Figure 2.9
shows the LENS process in which material is enclosed in an inert gas chamber. A
number of materials with various combinations of laser type and at various
atmospheric conditions can be effectively processed making LENS machines highly
flexible platforms for beam deposition. Bandyopadhya et al. have applied LENS to
manufacture porous and functionally graded structures for load bearing implants
which will be elaborated in the upcoming sections (Bandyopadhyay et al. 2009).
Various researches fabricated the metal parts by LENS process using different
materials of stainless steel alloys, tool steel alloys, gradient materials and also was

used for repairing the metal parts. Figure 2.10 (a) shows the processing blade, Figure
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2.10 (b) shows complete set of fixtures (fixtures) and Figure 2.10 (c) shows tool for

injection molding.

@ | (b)

Figure 2.9. Laser Engineering Net Shaping process (a) Schematic of Lens process, (b)
Optomec LENS 750 system (Optomec 2016).

Figure 2.10. Manufacturing of parts by using LENS process (a) Processing the blade by
using LENS process. (b) H13 tooling and (c) Fixtures produced by LENS process (Sandia
National Lab 2016).
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Laser Augmented Manufacturing (LAM), was introduced by Aeromet, USA, for
building Ti components for Boeing (kobryn et al. 2002). A 18kW laser with 2.5 axis
machine is used for deposition of near-net shape, which is later stress relieved and
heat treated and finished using 5 axis CNC machine. Figure 2.11 (b) & (c) shows

some of the components fabricated using the same.

Ité prepreg
a) A root fitting

Preform
Model

Final Part

(b) Building a Ti keel (c) Building a Ti spar

Figure 2.11. Functional Aerospace Components AeroMet Corporation.

Laser Aided Manufacturing Process (LAMP), LAMP process was developed at
University of Missouri-Rolla. LAMP is hybrid process which combines laser
deposition and machining processes. It has multi-axis which is used during fabrication
to minimize the support structure. The optimization of weld parameters was done by

monitoring the deposition process using a closed loop controller (Figure 2.12).
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Figure 2.12. Laser Aided Manufacturing Processes (LAMP LAB 2016).

Direct Metal Deposition (DMD), Developed at University of Michigan,
comprises of co-axial powder feed and a machine with 5 axes and a closed loop
control for controlling the deposition velocity, powder flow rate and laser power. The

complete setup is shown in Figure 2.13.
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Figure 2.13. Schematics of Direct Metal Deposition (Mazumder et al. 2000).
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Electron Beam Freeform Fabrication (EBF?), was developed at NASA Langley
Research Centre. This process pushed a metal wire into a molten pool while using
electron beam as a power source to fabricate metal parts. Figure 2.14 shows some of
the components fabricated by this process (Taminger and Hafley 2006).

Figure 2.14. Examples of parts fabricated at NASA Langley using the EBF 3
process (Taminger and Hafley 2006).

Shape Deposition Manufacturing (SDM),is an arc based deposition process which
makes use of deposition and milling (Merz et al. 1994). It uses a pair of materials, one
for model and the other for support. Copper is used as the support material for steel
models. Unlike the uniform slicing used in 3D welding, it uses very thick segments.
These segments are obtained by splitting the object wherever its normal just becomes
horizontal. In any slice, all regions of the slice where the normals are downward,
support is required. This near-net shape is then finished for the deposition of the model
material. Thus each slice is built by deposition and machining of support and model
materials alternately until the entire slab of the slice is complete. Figure 2.15 shows

the stages of the process.
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Figure 2.15. Creation of a layer using SDM (Merz et al. 1994).

Hybrid Layer Manufacturing (HLM), welding can be used to produce near-net
shapes fast by depositing metal in layers. This near-net shape can be machined fast
to obtain the desired geometric quality. Research groups at Nottingham University,
Stanford University, Southern Methodist University, Fraunhofer Institute of
Production Technology, Aachen, Korea Institute of Science and Technology, Indian
Institute of Technology Bombay etc. are developing metallic AM processes using this
principle (Spencer, Dickens, and Wykes 1998; Merz et al. 1994; K. P. Karunakaran
etal. 2012). They are at different levels of success and some are more focused
on specific applications. Some of them make use of laser welding and some prefer
arc welding. Electron beam welding also has been used for deposition. While the
researchers using arc welding prefer the raw material in wire form, the laser-based
processes favour powder form. Gas Metal Arc Welding (GMAW), Gas Tungsten Arc
Welding (GTAW) and Plasma Arc Welding (PAW) are the popular arc welding

processes used for this application.

A hybrid Rapid Manufacturing process using arc welding developed at 11T Bombay
is called Arc Hybrid Layered Manufacturing (ArcHLM). A significant advantage of
ArcHLM is its availability as a retrofitment to any existing CNC machine. Figure 2.16
shows a 3-axis arc HLM machine by integrating a 3-axis CNC machine and a
Fronius TPS 4000 pulsed synergic MIG welding equipment. The integration was
achieved through the relay responsible for the coolant function of the CNC machine.
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In other words, M08/MQ9 in the NC program does welding on/off in arcHLM (K.
Karunakaran et al. 2009).

Figure 2.17 shows an injection mold built using ArcHLM. The near-net shapes of
these monolithic injection molds were made by alternately weld-depositing a layer
and face milling (Suryakumar et al. 2011). The arcHLM approach for this case study
of an egg-template was cheaper by 22.3% and faster by 37.5% over the traditional
CNC approach (K. Karunakaran et al. 2009).

s aa0000s

(a) (b) (c)
Figure 2.17. An injection mold manufactured using the 3-axis HLM, (a) CAD models of the

part egg template and its injection molds, (b) near-net molds, (c) finished molds
(Suryakumar et al. 2011).
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Micro-Plasma Arc Welding (MPAW), in this process a substrate is fixed on the base
plate of the worktable as shown in Figure 2.18 (a) and plasma arc melts the substrate
and produces a molten pool, simultaneously filler wire is fed into the molten pool
smoothly. As the worktable moves away from the arc, the molten material is solidified
and forms the fully dense metallic component. Figure 2.18 (b) illustrates the
experimental RP system is a 3.5-axis CNC system composed of a power source (micro
plasma-welding machine), a PC-control subsystem, a worktable, an adaptive wire

feeding subsystem and a follow-up water-cooled subsystem (Aiyiti et al. 2006).

----------- Adaptive wire feeding
subsystem

Ceramic shield

Water tank
MPAW torch

Plasma gas

2| ‘ Central tungsten
I electrode (cathode)

Power source

,'t Water cooled nozzle
R\ @
i 5 Plasma stream \]
i '(
\\ >

Water-cooled

A\ .b——‘ shi
NN Shield gas base plate

Substrate

l <+ + Substrate Worktable Follow-up water-cooled Clamip

subsystem

(a) (b)
Figure 2.18. MPAW process (a) plasma arc (b) schematic experimental set up (Aiyiti et al.
2006).

Plasma Deposition and Milling (HPDM), this process uses plasma deposition for
additive and conventional milling for subtractive phases, which synthesizes the
advantages of both processes to fabricate parts. Simultaneously, the precision of the
manufactured parts is ensured by the compounding CNC process which assists to
remove the staircase caused by the layered manufacturing principle and the allowance
of the near-net shape deposited by plasma deposition, the procedural steps are shown
in Figure 2.19. Xiong 2009 et al. studied dimensional accuracy as well as the surface
quality of the metallic parts and tools manufactured using this process. Figure 2.20

shows a metal vase manufactured by HPDM process (Xiong, Zhang, and Wang 2009).
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CAD Model

STL Document

Figure 2.19. Flowchart of hybrid Plasma Deposition and Milling processes (Xiong, Zhang,

(@)

3D Welding and Milling, process comprises of gas metal arc welding for deposition
and milling as a subtractive technique. Figure 2.21 shows the principle of this process.
This work by Y.A song et.al is based on a 3-axis milling machine with two welding
guns that are vertically attached to the spindle housing. A simple retrofitting of a
common 3-axis milling machine is required in order to carry out the process, thus
eliminating any need to buy special equipment such as linear axes. The two welding
guns allow switching between two different wire materials or between two different
wire material sizes (Song et al. 2005; Song, Park, and Chae 2005).

Parts

and Wang 2009).

(b)
Figure 2.20. Metal vase manufactured by HPDM. (a) Plasma deposition process scene;
(b) milling process scene; (c) metal vase post-processing (Xiong, Zhang, and Wang 2009).
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Figure 2.21. Process principle of 3D Welding and Milling (Song et al. 2005; Song, Park,
and Chae 2005).

2.3 Functionally Gradient Materials (FGM)

Functionally Gradient Materials (FGM) has a controlled variation of the material
matrix so as to obtain the desired distribution of the properties such as color, density,
porosity, hardness, toughness etc. There is a growing interest in FGMSs due to their
ability to offer high toughness, high strength, machinability, better resistance to
corrosion and oxidation effects, and facilitating bonding of metals without severe
internal thermal stresses. However, actual realization of FGMs still remains a
challenge. Most naturally occurring objects are gradient in nature; examples are
bamboo, bone, stone etc. Most man-made objects on the other hand are uniform. This
is mainly due to the complexity involved in their design and subsequent

manufacturing.

In late 1980s, Niino et.al proposed the concept of Functionally Gradient Material, in
which the gradient of the material can be adjusted by coating and controlling powder
material (Niino et al. 1988). There are many techniques available today to fabricate
the functionally gradient material, some of the prominent one’s being vapor
deposition, powder metallurgy, and centrifugal method in addition to additive
manufacturing. Vapor deposition technique is mainly used for very thin surface
coatings where microstructure and other properties can change. In powder metallurgy
techniques, different form of powder material is used for achieving gradient objects.
Centrifugal techniques, as the names implies, are based on centrifugal force; the
material will get dispersed and bulk material will be controlled to form gradient in the

object. The above three techniques have limitations in the extent of gradient nature or

26



flexibility of the process as they rely upon manual process planning. Due to its ability
to tackle the above limitations, additive manufacturing was looked by many
researchers as a better alternative to realize gradient structure as it is based on selective
addition of material at required location.

Figure 2.22 illustrates various forms of materials composition possible. Figure 2.22
(a) shows a homogeneously distributed material across the object. Figure 2.22 (b)
shows an object with requirements which is more difficult to meet completely through
the approach of composite materials or conventional material processing methods.
Figure 2.22 (c) shows an regulated spread meant for application of research interest
(Hopkinson, Hague, and Dickens 2006).

(b)
Figure 2.22. Various forms of material composition (a) homogeneous (b) coated or joint
type (c) FGM (Hopkinson, Hague, and Dickens 2006).

heat

Figure 2.23. Example of different requirements of material properties in different locations
within a part (Hopkinson, Hague, and Dickens 2006).
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Gradience also known as gradient of material can be classified as one-dimensional,
two-dimensional, and three-dimensional gradients, which is shown in Figure 2.24.
Figure 2.24 (a) shows the gradient varying along the Z axis direction, yet not along X
and Y, and therefore called one-dimensional gradient change. Figure 2.24 (b) shows
that gradient varies along both X and Y axis, yet not along Z, therefore called two-
dimensional gradient change. Figure 2.24 (c) shows gradient varying along three axis

directions, which is called three-dimensional gradient change.

/]\Z NZ

(a)

(b)

(©)

X

Figure 2.24. Three ways of material gradient change (a) 1-D gradient (b) 2-D gradient (c)
3-D gradient (Wang and Shang 2009).

(a) (b) (©)
Figure 2.25. Three representations of laser rapid prototyping material gradient change (a)
face gradient (b) line gradient (c) point gradient (Wang and Shang 2009).

FGM Gradient in the component can be distributed based on layer slicing and
scanning fill, face, line, and point. Figure 2.25 (a) shows face gradient which is
gradient change between two layers, but not in every layer. Figure 2.25 (b) shows line
gradient which is gradient change across layers and within every layer. Figure 2.25
(c) shows point gradient which is gradient change in every point position (Wang and
Shang 2009).



2.4 Functionally Gradient Objects through AM

Among the AM processes available today, FGMs are possible through binder jetting,
directed energy deposition, material jetting, powder deposition and sheet lamination.
Binder jetting, which creates an object by jetting of a binder on a layer of powder,
achieves FGM by using different binders of suitable colors. Material jetting printers
achieve the gradient by micro jetting different colors and materials, a process very
similar to the traditional paper printers. In powder-bed deposition technique, the
powder material is sintered to form the final component. Using this technology,
Chung et al. explored creation of different layers by employing different volume
fractions of glass beads in Nylon-11 composites. Sheet lamination deposition
processes like Laminated Object Manufacturing (LOM) and Ultrasonic Consolidation
(UC) combines different foil or layered sheet to obtain the desired component. Zhang
et al. and Kumar explored different combinations of amorphous graphite, titanium
powder and stainless steel Al and Cu foils used for gradient component for sheet
lamination processes like Laminated Object Manufacturing (LOM) and Ultrasonic
Consolidation (UC) respectively (Yumin Zhang et al. 2001) (Kumar 2010). Directed
energy deposition melts the target area using laser or electron beam as the energy
source to create the final component. Laser Net Shaping Engineering (LENS), has
been the most popular of these processes for achieving FGM due to its ability to feed
separate powders through the different nozzles. Using LENS process Bandyopadhyay
et al. explored the FGM components for implant application, the details of which will

be discussed in the subsequent section.

2.4.1 Laminated Objective Manufacturing (LOM)

Fabrication of FMGs using LOM was carried out in two steps: forming and
synthesizing process. Forming process is mixing the powder of amorphous graphite
and titanium powder, in addition to Ni powder from 10 to 50 wt% (Figure 2.26). The
mixed powder is ball milled up to 12h and kept in vacuum for drying. After some
time, a green tape of 0.5 thicknesses and a mixture of Ti, C and Ni is formed through
the roll forming process with Polyvinyl Alcohol as binder. RPMS-I1 system they were
used for manufacture of FGM green part by using LOM process. RPMS-1I model of
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LOM, system can manufacture green FGM part according to 3D CAD model. FGM
green part is kept in vacuum chamber and heated up to 300°C for removing the binder.
Mechanical properties of TIC/Ni FGM part vary based on contents of Ni; if the Ni
was 20% wt, FGM has the highest strength (Yumin Zhang et al. 2001).

Pressure

] Ignitor

Figure 2.26. SHS experimental equipment (Yumin Zhang et al. 2001).

Zhang et al. reported thickness of the product was about half that of the green part,
which meant that the density of FGM increased after combustion synthesis process
(Yumin Zhang et al. 2001). Klosterman et al. Studied fabricating ceramic (SiC/SiC)
and polymer matrix (glass/ epoxy) composites using a novel, fully automated process.
Examples are shown in Figure 2.27 & Figure 2.28 (Klosterman et al. 1998).

Figure 2.27. Examples of unidirectional glass fiber /epoxy composite parts built with LOM.
The part on the right has been post-cured (Klosterman et al. 1998).
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Figure 2.28. Cross-sectional photomicrograph of unidirectional fiber glass/epoxy
composite, built with LOM. Prepreg layers have staggered 0/90 orientation (Klosterman et
al. 1998).

2.4.2 Ultrasonic consolidation (UC)

S Kumar studied manufacturing of functionally graded materials by using UC,
Stainless steel, Al and Cu foils being used for gradient. The additive parts are
laminated layer by layer from bottom to top and excess materials were removed by
using CNC machine. A gradient component was achieved by different metal foils
stacked by ultrasonic welding, Figure 2.3 and Figure 2.29 illustrate the ultrasonic

consolidation process (Kumar 2010).

(b)
Figure 2.29. FGM component produced by UC machine (a) 6 frontal view of an FGM

sample made using a UC machine and figure (b) Side view of the FGM sample (Kumar
2010).

2.4.3 Selective Laser Sintering (SLS)
Chung et al. studied and developed particulate-filled functionally graded Nylon-11
composites using this process filled with different volume fractions of glass beads (0—
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30%). Figure 2.30 shows the specimens fabricated using this process (Chung and Das
2006). Similarly, Chun and Das also have studied the compliant gripper and the

corresponding FGM as show in Figure 2.31 and rotar scaffold in Figure 2.31.

Figure 2.30. Schematic of an FGM compression test (Chung and Das 2006).
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Figure 2.31. Schematic description of a compliant gripper

component fabricated by SLS.(Chung and Das 2006).
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Figure 2.32. Rotator cuff scaffold and the corresponding FGM component fabricated by

SLS (Haseung and Das 2008; Chung and Das 2006).
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2.4.4 Zcorp’s 3D Printing

Zcorp’s 3D printing represents FGM of mechanical properties using the color
information. The object in which the mechanical properties vary gradually based on
the concentration of the binders is referred to as a ‘‘functionally graded’’ material.
Figure 2.33 illustrates color model produced by using ZPrinter ® 650 machine.

4

4
A3D CAD file is imported into
ZPrint™ software. The software
slices the file into thin cross-
sectional slices, which are fed
to the 3D printer.

2

The printer creates the model one
layer at a time by spreading a layer

of powder and inkjet printing a binder
in the cross-section of the part, 3

The process is repeated until
every layer is printed and the
part is ready to be removed.

Figure 2.33. Schematics of color parts fabricated with ZCorp’s 3D printer (Printers 2015).

2.4.5 Laser Engineering Net Shaping (LENS)

With material being deposited from four different nozzles, LENS is one of the most
popular RM process capable of producing variety of FGMs including those with Ti
alloys. Liu et al. reported that using LENS process crack-free functionally graded
TiC/Ti composite materials are possible to fabricate with compositions changing from

33



pure Ti to approximately 95 vol% TiC. Figure 2.34 shows the crack observed in the
homogenous deposit (Liu and DuPont 2003).

Ti-80v%TiC
Deposit

Crack —ff
oy : : Substrate

(@ " (b) ©
Figure 2.34. Cracks observed in the homogeneous deposits: (a) full TIC deposit; (b) Ti

80vol%TiC composite deposit; (c) a schematic showing the originating position of the
crack in the composite deposit (Liu and DuPont 2003).

Domack et al. studied and reported a bulk material of composition gradient from Ti-
6-4 to Inconel 718. Fabricated samples are shown in Figure 2.35 and Figure 2.36
(Domack and Baughman 2005).

/
" Inconel
Inconel S

Composition

Cradient

<=\

Gradient

Figure 2.35. LENS samples produced from Ti-6-4 and Inconel 718 powders (Domack
and Baughman 2005).
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Figure 2.36. Typical appearance of the flat wire welded samples, illustrating: (a) three
layers; (b) solidification fronts along the three wires in each layer; and (c) cracking at the
base of the Ti-6-4 deposits (Domack and Baughman 2005).

Bandyopadhyay et al reported using LENS process fabrication of net shape for load
bearing implants of complex metallic implants shapes with designed porosities up to
70 vol.%,process schematic is shown in Figure 2.37 and Figure 2.38 (Bandyopadhyay
et al. 2009).

Specific Cnergy Input, Low
Laser lf()v_wcr. P J/mm’ Partial melting and

1 X high  inter-particle _
Powder Feed Rate ||| | High porosity Porous deposit

r

>

Complete melting and
high amount of liquid
phase filling the inter-
particle porosity

Scan Speed, v

IREERRHTIIN
Dense deposit

Figure 2.37. Schematic diagram showing the formation of porosity during LENS™
processing (Bandyopadhyay et al. 2009).
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(a) (b)
Figure 2.38. FGM component fabricated by using LENS process (a) sample with total
porosity> 50 vol.%are fabricated using tool path based porosity (b) Net shape, functional
hip stems with designed porosity fabricated using LENS(Bandyopadhyay et al. 2009).

2.4.6 Shape Deposition Manufacturing

SDM laser deposition system developed at Stanford University, is capable of
producing functionally graded metals through the use of powder mixing. While Shape
Deposition Manufacturing has always had the capability to produce multi material
artifacts, powder mixing enables the deposition of single layers in which material
properties can be smoothly varied without discrete interfaces between dissimilar
materials. J Fessler et.al studied functional gradient material deposition which has
been exploited to construct an advanced injection molding tool which transitions from
Invar at the center to stainless steel on the outside, Figure 2.39 illustrates composition
of chrome and nickel (Fessler, Nickel, and Link 1997).
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Figure 2.39. Composition of chromo and Nickel versus location for a sharp interface
between Invar and 316L stainless steel (Fessler, Nickel, and Link 1997).

2.5 Modeling and process planning of gradient objects

Additive Manufacturing processes are characterized by their boundless degree of
automation. Objects are produced by taking data from computer aided design (CAD)
and must be made without much effort when programming the manufacturing steps.
To be able to produce FGM parts by these technologies, it is necessary to receive and
process data that carry the information about the gradients. One reason for the great
success of AM was the use of a common and easy way to transfer data from CAD
systems to the computer aided manufacture (CAM) systems of the different Additive
Manufacturing technologies. The STL (Standard Triangulation Language) format was
accepted as a standard for the industry. In the same way, enhancement of the STL
format to store material properties is also needed. STL format contains only surface
mesh information and it cannot store color, material variety and other gradient
properties. Although, some of AM processes managed to fabricate the color or
gradient parameters by controlling the machine settings, mirroring the same in STL
was still a bottleneck. Hence, in 2012, ASTM adopted a standard format called
Additive Manufacturing Format (AMF) capable of storing color or gradient
properties, although the format is still under development (ASTM F2915 2015).

2.6 Summary
Extensive literature survey in the area of metallic additive manufacturing is presented.

The following are some of the inferences made: Laminated manufacturing is not a
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commercial success because it has only limited application due to inability to support
for adaptive slicing and difficulty in joining the laminates properly. Powder-based RP
processes such as SLS and SLM suffer from porosity. Both require extensive and
time-consuming post-processing. Fabrication components from arc process have bad
finishing and also its beads are of lower quality than laser with respect to accuracy
and surface quality. Since a post-processing step like surface machining is required
for most of the parts built by direct deposition approaches, the relatively low accuracy
and surface quality of arc-welded beads is acceptable.

AM methods through which manufacture of FGMs have been possible have also been
studied in the subsequent part. Although a certain degree of functional gradience is
possible in laminated and powder bed technologies, it is rather very limited as the raw
material is laminated/spread at one go for a complete layer, making only vertical
gradience possible. Deposition methods on the other hand add the material in limited

quantities at desired location, making it ideally suitable for manufacture of FGMs.
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Chapter 3

Experimental Setup

3.1 Introduction

Twin-wire welding based Additive Manufacturing (TWAM) is a unique process
which uses Gas metal arc welding (GMAW) comprising of twin-wire setup for
deposition and 6 axis kuka robot for controlling the torch speed to fabricate
Functionally Gradient objects/Materials (FGM). Twin-wire weld-deposition setup
comprises of two wires fitted into one torch. It has two controllable digital power
sources that can work independently with two separate filler wires feeding two
different nozzles into a single weld pool. While the system synchronizes the
frequency of the pulsing current to ensure a stable arc deposition, the current
and the wire feed rate of each wire feeder can be independently controlled. Weld-
deposition unit has to be integrated to the robot in such a way as to not hinder the
robot movement during interpolation. A detailed description of the TWAM setup and

the systems comprising the same have been presented in this chapter.

3.2 Twin-wire weld-deposition

In twin-wire, the two electrodes which are electrically insulated from each other, can
be adjusted and optimized independent of one another. Both the performance and
additional parameters - for instance, the lengths of the two electric arcs can be
controlled separately. This means that it is possible to achieve a stable electric arc and
perfect drop release for both electric arcs. Either of the electrodes can be classified
as the master or the slave. This means that the electrode which has the leading role in
the welding process is not defined explicitly. As a result of that, both welding

directions are possible and this in turn enables a reduction in the cycle time.

Metal transfer in twin-wire: Combination of standard or pulsed electric arc is possible
with the two electrodes independently. In essence, there are four possible variants viz.,
pulse-pulse, pulse-standard and standard-pulse and standard-standard. Figure 3.1 (a)

& (b) illustrate pulsed electric arcs from both electrodes, at a phase difference of 180°.



Figure 3.1 (c) shows pulsed electric arc from one electrode and standard electric
arc from the other electrode (for achieving maximum welding speed and gap
bridging). The vice versa for deep penetration, is shown in Figure 3.1 (d).Standard
electric arc in both the electrodes leads to irregular droplet detachment, high spatter
due to the arc interference effect. Apart from these, it is also possible to employ one
active electrode and perform single-wire welding. Figure 3.2 illustrates the metal

transfer in such a single wire setup.

180° phase
displacement

LG

—  Leading wire electrode

Trailing wire electrode

. Active pulsed arc with droplet transfer

Inactive pulsed arc (no droplet transfer)

Welding current of leading power source

I Welding current of trailing power source

P Direction of welding

Leading
Trailing

Leading
Trailing

Leading Leading
Trailing Trailing

Active arc - leading Metal transfer - leading Active arc - trailing wire Metal transfer - trailing
wire electrode wire electrode electrode wire electrode
(b)
1(A) 1 (A

(d)

Figure 3.1. Schematic representation of the metal transfer and welding-current time-curves
for Twin-wire (a) & (b) both electrodes in the pulsed electric arc (c) in pulsed/standard (d)
in standard/pulsed (Fronius 2016).
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(d)

Figure 3.2. Schematic representation of the metal transfer and welding-current time-
curves for single wire (a) pulsed leading power source (b) standard leading power
source (c) pulsed trailing power source (d) standard trailing power source (Fronius
2016).

In the twin-wire digital process the two power sources are referred to as the “leading”
power source and the “trailing” power source, respectively. Depending on the
direction of welding, one of the two power source will be defined as the leading power
source. The decision of which is the leading power source can be made by means of
“Parameter t-c” (twin Control). On the leading power source, “Parameter t-c” is set to
“On”. The leading power source specifies the frequency for the trailing power source.
Figure 3.3 shows the tilt angle of the welding torch. The wire electrode of the leading
power source is the “front” wire electrode which becomes the trailing power source

when the direction of welding is reversed.
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'/ﬂ,

Filler wire-2

Figure 3.3. Tilt angle of the welding torch.

Figure 3.4 illustrates tilt angle and stick-out of the welding torch so that the leading
wire electrode (i.e. the wire electrode of the leading power source) is held neutral to

slightly leading position, depending on the direction of welding.

Nozzle

N

Filler wire-1

7 Contact tubes

r/ Filler wire-2

0]

Filler wire 1.2mm

—>
Arc-art distance = 6mm

Figure 3.4. Stick-out and spacing of the wire electrodes.

Power source: There are two separate power sources for each of the electrode wires.
Equipped with a Digital Signal Processor (DSP) control, these power sources makes
it possible to control the welding process in a completely digital/programmable

manner.
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Figure 3.5. Complete welding system based on the power source Time Twin Digital
5000.

Apart from that, it is vital that the two power sources communicate with each other.
This is essential for the synchronization of the two electric (Figure 3.6). This is
ensured with the help of a data bus on which data transmission rates of up to 10 Mbits
per second are possible. The two power sources for this process are standard power
sources which have an installation set for the data bus and the appropriate software;
in other words they can also be used as separate power sources. Figure 3.5 shows the

power source Time Twin Digital 5000.

Wirefeeder 1 Wirefeeder 2
Q Wire electrode 1 Wire electrode 2 Q
[-] N [-]
Power source 1 Power source 2
=l s D:' )

Synchronisation

(EsEEsHasas)

11 071

@l

Separate
welding potential

Figure 3.6. Functional principle of Time Twin Digital welding.
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Welding torch: In the twin-wire process, the two wire electrodes must be converging
to a single torch for the welding process. Although in this process the contact tubes of
the two electrodes are electrically insulated from one another, they also run through a
common gas nozzle which entails that the two electrodes must share a common
welding torch. Figure 3.7 shows a schematic representation of the foremost section of
the torch. Here, the electrical insulation of the two contact tubes can be seen very
clearly. Because a lot of heat is generated in this process and this heat must be
subsequently dissipated, the gas nozzle is cooled all the way to the front and good

heat dissipation is also ensured in the area of the contact tubes.

Figure 3.7. Welding torch Robacta Twin Compact.

Twin-wire feeder: As time-wire system uses two welding wire electrodes, it also
requires two wire advancing mechanisms with each advancing one electrode. The
wire feeder (model: VR 1500) is usually mounted on the third robot axis, which results
in a relatively short separation distance between the wire advancing mechanism and
the torch. The weight of the wire advancing mechanism must be supported by the
robot and that must be taken into account when dimensioning the robot, schematics

shown in Figure 3.8.
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Figure 3.8. VR1500 robot wire feeder.

Welding speed and deposition rate: Using the twin-wire, it is possible to achieve
considerable increase in the deposition rate compared to the conventional electric arc
welding processes due to the presence of two filler wires. The user can convert this
higher deposition rate either into a higher welding speed or into a greater cross-
sectional area of the seam. In most applications, the increase in welding speed is of
chief significance. The exact factor by which the welding speed can be increased
depends on the material, the thickness of the sheet metal, the geometry of the seam,

the welding positions etc.

Integration of robot and weld-deposition unit: As fabrication of FGMs demand the
localized control of weld-deposition parameters, the location of the torch (controlled
through robot position) and the weld-deposition parameters (controlled through power
sources) should be simultaneously regulated in a synchronized manner. This is
achieved with the help of a single robot controller which coordinates both the aspects.
The complete robot set up is illustrated in Figure 3.9.
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Figure 3.9. (a) Simple drawing of integrated robot and weld set up (b) complete
experimental set up of TWAM.

(1) TPS 5000 power source(2x) (8) Wire feed hose(2x)
(2) Base stand(2x,bolted) (9) Standard interconnecting cable(2x)
(3) FK4000R cooling unit(2x),each with (10) Remote-control cable(LocalNet,2x)
optional rate of floe watch god
(4) Wires pool holder on robot(2x) (11) Twin Standard I/O job robot interface
(1x)
(5) Robacta Twin 500 welding torch(1x) (12) Cable connector to robot control(1x)
(6) Robacta drive Twin torch hose pack (13) Robot control(1x)
(1x)
(7) VR 1500 robot wire feeder(2x)

3.3 Position and movement control in robot
The torch is attached to the kuka robot for movement control. The robot arm can move
from one location to the other in three main ways viz., rapid motion, linear motion

and circular motion.

Rapid motion: Rapid motion also called point to point (PTP) motion is used to move
as fast as possible from one point to other point, minimizing the non-productive time
during the operating cycle. In this, fastest path is necessarily the shortest path; instead
it is a resultant of each axis reaching the destination independently at maximum speed.
The robot axes are rotational and curved path can be executed faster than straight path.
The command PTP is usually programmed in a robot to initiate point to point in rapid

motion Figure 3.10 & Figure 3.11 (a) shows the inline command, robot motion.
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Figure 3.10. Robot arm motion in point to point (PTP) mode (Kuka 2016).

[ ~1[P1 [conT x]vel=[100 %[PDAT3

(a)
MW =][P1 [conT =] Vel=[z mis[cPDATT
(b)
~|[P1[P2 [conT =] Vel=[2 mis[CPDATI
(c)
Figure 3.11. Inline form robot motions (a) point to point (PTP) (b) linear (LIN) (c) Circular
(CIRC).

Linear motion: Linear motion, also called straight line motion, is a type of motion
which allows the end pointer straight line movements. For this movement to happen,
two or three axes will move together, and robot end wrist will be moved in linear
manner. LIN is the syntax used to specify the linear motion Figure 3.11 (b) & Figure

3.12 shows the inline command and path for the linear motion.
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Figure 3.12. Robot movement in linear (LIN) motion (Kuka 2016) .

Circular motion: This path motion can be defined as start, auxiliary and end point,
and is used to generate radii, which is used to move the robot end wrist in a circular
path. During this movement, the robot guides the tool center point to move in
clockwise or anti-clockwire direction. CIR is the syntax used to specify the circular
motion Figure 3.11 (c) & Figure 3.13 shows the inline command and path for the
circular motion. In the subsequent section we will discuss how to use this syntax in

welding deposition.

Figure 3.13. Robot movement in circular (CIRC) motion (Kuka 2016).
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3.4 Robot programming for weld-deposition

Single bead deposition: Weld commands can be defined in the arc tech digital in robot
control panel (Figure 3.14.). Figure 3.15 shows a simple example having all motions
available in robot weld-deposition; deposition of two seams in which seam-1 consists
of point-to-point (PTP) and linear motion and seam-2 having a circular arc. The end
interpolator comes in PTP mode up to P1, and after it reaches to P1 welding triggers
and gets on with parameter S1 set in program number 1. From there, it moves in linear
motion to P2 and switch off is trigged. An inline program is shown in Figure 3.16.
Similarly, for seam-2, in PTP motion, move the torch upto the clearance place to avoid
hitting the workpiece. Again, move to the start point of seam-2, P4 (Figure 3.17) via
the auxiliary point P3 to do complete the circular (CIR) motion with parameters S2.

Once reaches to P7, then it will be commence linear motion.

Figure 3.14. Kuka robot control panel.
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Figure 3.15. Schematic representation of weld-deposition of two seams.

ARC OFF
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Figure 3.16. Inline program of seam 1.

Figure 3.17. Inline program of seam 1 and seam 2.

Multi-bead deposition: The earlier section discussed how to achieve similar weld
beads with different kind of motion in process. This section will focus on how to use
those commands and create multi-bead deposition with different parameters. Figure
3.18 shows the one such representation of multi-bead deposition using only linear
motion. P1, P2 and W1, W1 are the path of deposition and different weld parameter
respectively. The weld-deposition process parameters required at a given location are
archived by calling the corresponding program number. Figure 3.18 shows the
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schematic representation of welding path and discrete segment points between the

weld beads.

Welding torch

Weld bead
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Figure 3.18. Schematic representation of weld path for multi-bead deposition of one
layer.

Generation of tool paths in robot format: Figure 3.19 illustrates the various steps
followed in the fabrication of gradient objects. In the first step, the CAD model is
sliced into 2D layers and area filling paths for a given layer generated with the help
of any slicing and path planning software (like Slic3r). The tool paths are then
converted to the robot format in the next step. This will involve a simple change in
the syntax of the program. The gradient material deposition is obtained by
independently controlling the proportion of two different filler wires in the twin-wire
welding setup. Depending on the nature of the gradient matrix, the program for calling
the particular weld-deposition process parameters may be varied accordingly. The
details of how to achieved gradient in weld, stepover and thickness are elaborated in

chapter 5.
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Figure 3.19. Various steps in the fabrication of gradient objects.

3.5 Summary

The experimental setup of Twin-wire Welding based Additive Manufacturing
(TWAM) has been described in detail in this chapter. Working principle of twin-wire
weld-deposition process along with the individual attachments viz. welding torch,
wire feeder and power source have been described. The robot programming syntax
and methodology for simple movements and also for single and multi-bead deposition
has been described. This discussion on the experimental setup and its operational
procedures sets the tone for the study of process parameters effecting the TWAM

process, to be presented in the next chapter.

52



Chapter 4
Preliminary Study of Parameters
Effecting TWAM process

4.1 Introduction

In weld based deposition major process parameters like welding current, torch speed,
voltage, wire feed, etc. effect the nature of the final component. Hence it is essential
to study the operating range and effects of each of these process parameter. Since,
pulse-synchronous mode of weld-deposition is used in this setup, the process
parameters to be studied boils down to current, torch speed and step over increment.
For this study two filler wire of ER70S-6, ER110S-G in their three possible
combinations of ER70S-6+ER70S-6, ER110S-G+ER110S-G and ER110S-
G+ER70S-6 were used. To find the operating range of process parameter for these
three combinations, a set of single-bead deposition experiments carried out with
various welding current and torch speed are presented in this chapter. Upon finding
the operating range of process parameter, the feasible region of the complete system
has been calculated. In this feasible region any combination of current, wire and torch
speed can be used. Beyond the process parameters, the properties of the objects may
also be effected by secondary conditions like torch direction, number of beads
deposited, length of weld-deposition etc. Experiments carried to investigate the effect

of such secondary parameters have also been discussed in this chapter.

4.2 Operating range of primary process parameters
The various possible combinations of the process parameters of twin-wire weld-
deposition with two different filler wires of ER70S-6 and ER110S-G can be divided

into the following three cases, as shown in Figure 4.1:

1. Case-1: ER70S-6+ER70S-6
2. Case-2: ER110S-G+ER110S-G
3. Case-3: ER110S-G+ER70S-6



ER70S-6

ER110S-G

Nozzle T\ / \

Filler wire ER70S-

{
Filler wire ERllOS—m T

Case (i) Case (ii) Case (iii)

Figure 4.1.The representation of the classification of filler wire combinations.

Table 4.1. Chemical composition of ER 70S-6 and ER 110S-G filler wires [AWS A5.18 and
AWS 5.28].

Elements C Mn Si P S Al | Ni
Composition of ER70S-6 in (%) 0.22 | 0.3 0.3 | 0.012 | 0.007 |13 |-
Composition of ER110S-6 in (%) 0.06 | 1.59 | 0.5 | 0.005 | 0.005 | - 3.56

Table 4.2. Values of the parameters used for experiments.

Parameter Value

Wire speed (m/min) 2-5m/min.

Torch Speed (m/min) 0.1-5m/min

Nozzle gap (base plate to torch) (mm) 16

Shielding gas flow rate (L/min) 12

Shielding gas used 82%Argon+18%CQO2
Wire Diameter 1.2mm

Filler materials ER 70S-6, ER110G-S

Weld-deposition in single beads of length 120mm each was carried out on a 28mm
thick MS plate, shown in Figure 4.3. The minimum current permissible is 70A, 75A
and 75A for cases 1, 2 and 3 respectively. The maximum current was fixed at 250A
as the bead is too thick and undesirable beyond that point. The current was varied in
this range in increments 5A. The torch speed was varied from 0.1 to 5m/min in
increments of 0.1m/min. The remaining process parameters were maintained at the
constant values mentioned in Table 4.2. Table 4.3, Table 4.4 and Table 4.5. Depict
the weld quality matrix for the above cases. The red colour matrix indicate unsuitable

weld beads either due to discontinuity in weld beads or a very high value of bead
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width to be feasible for consecutive weld-deposition. The green indicates the suitable
weld beads; these were decided based on visual inspection, taking parameters like
weld bead continuity, stable arc, low spatter, narrow bead shape etc. in to
consideration. The yellow matrix refers to weld-beads showing inconsistent behaviour
with some trails being suitable and some being unsuitable. Based on this matrix, the
feasible region of each combination was identified, as shown in Figure 4.5. The
shaded area in the figure is the overlapping region of all the three cases and hence,
adopted as the working region as all the possible combinations will be feasible here.
It may also be noted that, sometimes use of wire-speed as a parameter may be more
convenient that use of current. Due to the synchronous mode of the weld-deposition,
there is a one-to-one mapping possible for current and wire-speed parameters, as
shown in Figure 4.2. Hence, these parameters have been used in interchangeable

manner suiting to the context.

—a— ER70S-6
—e— ER110S-G

Wire Speed (m/min}

60 : 80 I 1(|)0 : 150 I 1tl‘+0 ' 1é0 : 1;50
Current (Amp)
Figure 4.2. Current vs wire speed graph for 1.2mm Mild Steel.
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Table 4.3 Weld bead suitability for various values of current and torch speed (ER70S-
6+ER70S-6).

Current in amp

Torch speed in m/min
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Table 4.4 Weld bead suitability for various values of current and torch speed (ER110S-

G+ER110S-G).

Current in amp

Torch speed in m/min
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Table 4.5. Weld bead suitability for various values of current and torch speed (ER110S-

G+ER70S-6).

Current in amp

Torch speed in m/min
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Figure 4.3. Some sample weld-bead illustrating the selection of suitable weld beads
based on geometry and continuity in bead.
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160 4 1604
150 150
140 140
130 1304
120 120
110 110
T 1004 T 100
£ o] £ 0]
= 804 = 80
2 704 2 7]
3 60 3 60
50 504
40 40
30 30
20 20
10 10
o T T T T T T o T T T T T T
00 05 10 15 20 25 30 0.0 05 10 15 20 25 30
Torch Speed (m/min) Torch Speed (m/min)

(@) (b)

ER110S-G-ER706-S

160
150
140
130
120
110
1004
904
80
70
604
50 4
40
30
20
10

Current (Amp)

T T T
00 05 10 15 20 25 30
Torch Speed (m/min)

(©)

Figure 4.4. Operating range of current and torch speed of two wires (a) ER70S-6 (b)
ER110S-G (c) ER70S-G and ER110S-G for weld-deposition.
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Figure 4.5. Operating range of current and torch speed of two wires and shaded area is
feasible region with any combination of filler.

4.3 Weld bead profile

To identify the parameters required to obtain a desired layer thickness or optimal step-
over increment (distance between two passes during weld-deposition), a geometry
based model for predicting the weld bead properties based on current and torch speed
used is very important. Literature suggests that the weld bead cross section follows a
parabolic profile and that the optimal step-over increment is obtained when the step
over increment is two-third of the weld bead width (Suryakumar et al. 2011).
Experiments were carried out to confirm the suitability of this model for twin-wire
deposition. As shown in the Figure 5a, a set of nine points for different values of
current and torch speed were chosen for each of combination of filler wires. The
deposited weld beads of the same are shown in Figure 4.6 (b)-(d).
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Figure 4.6. Weld bead of boundary points for each of the three combinations of filler wires
(a) Representation of boundary points and weld beads path of (b) ER70S-6+ER70S-6 (c)
ER110S-G+ER70S-6 (d) ER110S-G+ER110S-6.

The weld beads were sectioned with the help of EDM machine and the boundary
points on the same were measured with the help of a profile projector. Figure 4.7
shows one such cross section profile of a weld bead. The boundary points were then
curve fitted to a symmetrical parabola and the geometrical parameters like width,
height and area was calculated. Based on the parabolic assumption of the weld bead,

the area of the weld bead cross-section would be given by,

2wh

Am ==

Where, A,, Area (measured from the bead cross section) (mm?)
w  Weld bead width (mm)
h  Weld bead height (mm)

The area of the weld bead cross-section can also be predicted based in the rate of filler
wire coming out of the nozzle (wire speed, Vr) and speed of the weld-deposition torch
(torch speed, V4). The area of the weld bead thus predicted is given by,
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d2
Ap = Z_Vt [Vrl + Vrz]
Where A, Area of bead predicated (mm?)

V., Wire speed of filler wire 1 (ER70S-6 for cases-1 & 3, ER110S-G for case-2) (m/min)
V,, Wire speed of filler wire 2 (ER70S-6 for case-1, ER110S-G for cases 2 & 3) (m/min)
d  Diameter of filler wire (mm)

V.  Torch Speed in (m/min)

Figure 4.7. Cross section of a weld-bead used to measuring the profile.

Table 4.6. Comparison of predicted and measured cross-sectional areas of the weld bead
with twin-wire combination of ER70S-G+ER70S-G for various current and torch speed.
Area of weld bead
Wire Torch : : (mm2)
Current, speed speed Width | Height Predicated | %
Sl w h Measured
@amp) |V VE L my | (mm) 2wh | A , | EMor
(m/min) | (m/min) A= = | = 2nV,.d
4y,
1 75 2.10 0.50 6.12 2.14 8.73 9.50 -8.75
2 75 2.10 1.10 4.20 1.70 4.76 4.32 9.33
3 75 2.10 1.76 3.40 1.20 2.72 2.70 0.83
4 112 3.30 0.68 6.79 2.30 10.41 10.97 -5.38
5 112 3.30 1.49 441 1.78 5.23 5.01 4,32
6 112 3.30 2.29 3.41 1.35 3.07 3.26 -6.16
7 150 4.80 0.90 6.27 2.70 11.29 12.06 -6.84
8 150 4.80 1.90 5.32 1.49 5.28 5.71 -8.08
9 150 4.80 2.90 3.90 1.30 3.38 3.74 10.71
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Table 4.7. Comparison of predicted and measured cross-sectional areas of the weld bead
with twin-wire combination of ER110S-G+ER110S-G for various current and torch speed.

Area of wezld bead
Wire Torch . . mm
Sl Curlrent, speed speed W;S : Heillght Measure((j gredicated %
(Amp) Vr. Vt. (mm) (mm) 2wh 4 2 Error
(m/min) | (m/min) = 2nV,.d

3| Ty,
1 75 2.00 0.50 6.10 2.30 9.35 9.04 3.32
2 75 2.00 1.10 4.20 1.40 3.92 411 4.86
3 75 2.00 1.70 3.50 1.20 2.80 2.66 5.01
4 112 3.10 0.69 6.60 2.30 10.12 10.16 -0.37
5 112 3.10 1.49 4.40 1.78 5.22 4.70 9.91
6 112 3.10 2.29 3.40 1.23 2.79 3.06 -9.77
7 150 4.30 0.90 6.20 2.39 9.88 10.80 -9.34
8 150 4.30 1.90 5.28 1.49 5.24 5.12 2.45
9 150 4.30 2.90 3.70 1.29 3.18 3.35 -5.35

Table 4.8. Comparison of predicted and measured cross-sectional areas of the weld bead
with twin-wire combination of ER110S-G+ER70S-G for various current and torch speed.

Cu;ren V\?r;(jr;?r?;d I;ggg Widt | Heigh Area of weld bead(mm2) E:f)or
? | V., V. vt ‘:‘/ ;l Mez?jsure Predicated

(Amp) | ERLIOS | ER70S | (mimin | (0| 2n(Vyy + V,p)d

-G -G ) - 4V,

1 75 2.00 2.10 0.50 6.20 | 2.40 9.92 9.27 6.56
2 75 2.00 2.10 1.10 421 | 152 4.27 4.21 1.24
3 75 2.00 2.10 1.70 3.30 | 1.20 2.73 2.73 -3.20
4 112 3.10 3.30 0.69 6.50 | 2.39 10.36 10.48 -1.21
5 112 3.10 3.30 1.49 450 | 1.79 5.37 4.86 9.58
6 112 3.10 3.30 2.29 3.39 | 140 3.16 3.16 -2.54
7 150 4.30 4.80 0.90 6.15 | 2.70 11.07 11.43 -3.24
8 150 4.30 4.80 1.90 530 | 1.70 6.01 5.41 9.87
9| 150 4.30 4.80 290 | 3.90 | 1.40 3.55 3.55 2.50
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Measured from Bead geometry{mmz2)

Predicted vs. Measured area of weld bead

.
5 * ER70S-61ER70S-6

T T T T T
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Predicted from process parameters(mmz2)

(a)

Measured from Bead geometry{mmz2}

Predicted vs. Measured area of weld bead

. » ERI10S6+ERT10S-G

T T T T T T
2 4 6§ 8 10 12 14

Predicted from process parameters(mm2)

(b)

Predicted vs. Measured area of weld bead

Measured from Bead geometry(mm2})

® ER110S-6+ER705-6

Predicted from process parameters(mmz)

Figure 4.8. Predicted vs. measured cross-sectional areas of the weld bead for the three

10

12 1

combination of filler wires, (a) ER70S-6+ER70S-6 (b) ER110S-G+ER110S-G and (c)

The measured and predicted weld bead geometries for these various cases have been
listed in Table 4.6., Table 4.7 and Table 4.8; the same are plotted against a 45° line
shown in Figure 4.8 (a), (b) and (c). Interestingly, the error in case-3 was less than the
other two cases, signalling a stable deposition even when dissimilar wires were used.
The error in all the three cases was found to be under acceptable limits. Hence, the
parabolic assumption of weld bead cross section can be adopted for the twin-wire
welding also. From this it follows that for optimal deposition, the step-over increment
is two-thirds of the weld bead width and the layer thickness equal to the weld bead
height (Suryakumar et al. 2011). The earlier experimental values were also used to

create a second degree regression model, as shown below, for predicting weld bead

ER110S-G+ER70S-6.

width and height as a function of wire speed and torch speed:
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h =Co+ CL(Vp1 4 V2) + Coup + C3(Vpg + 1,2)2 4 Cuve® + Csve(Vpg + V)

w = Co+ Ci(Vpg + V) + Cove + C3(vpq + Urz)z + C4vt2 + Csve(Vp1 + vy2)

Where, h height of weld bead in mm
w width of weld bead in mm

Co - Cs are the coefficient of regression model and corresponding values are listed in

Table 4.9. The regression model was generated using LABFit software. The surface

plot of the same is shown in Figure 4.9.

Table 4.9.
combination of fillers.

Regression coefficient of area, width and height of weld beads for all

ER70S-6+ER70S-6

ER110S-G+ER110S-G

ER110S-G+ER70S-6

Width Height Width Height Width Height
Co | 157E+00 | 5.44E+00 1.44E+00 | 5.57E+00 1.70E+00 | 5.84E+00
C: | 6.13E-01 1.27E+00 9.14E-01 1.14E+00 7.27E-01 1.10E+00
C. | -1.04E+00 | -3.52E+00 | -1.42E+00 | -3.35E+00 | -1.41E+00 | -3.74E+00
Cs | -1.72E-02 | -1.37E-01 | -9.37E-02 | -1.31E-01 | -4.34E-02 | -1.56E-01
Cs | 3.41E-01 2.82E-01 3.04E-01 1.72E-01 3.43E-01 1.08E-01
Cs | -1.94E-01 2.50E-01 -6.32E-02 3.24E-01 -1.13E-01 4.77E-01
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Figure 4.9. Surface plots of weld bead shapes (a)-(b) ER70S-6+ER70S-6 (c)-(d) ER110S-
G+ER110S-G (e)-(f) ER110S-G+ ER70S-6.

4.4 Effect of deposition conditions on hardness

Twin-wire process has been popular and well established for joining applications for
which it was primarily developed. The current research adapted the same process for
metal deposition/cladding than just joining. However, as it is used for metal deposition
of a layer in Additive Manufacturing, its context of application being different, the
effect of deposition parameters have to be freshly looked into. The crucial difference

between traditional welding and weld-deposition is the multiple (and numerous)
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number of passes and changing direction of the weld-deposition. Hence, the following

considerations were looked into:

I. Thermal steady-state conditions
ii. Effect of torch direction
iii. Effect of number of overlapping beads

iv. Hardness variation along the cross-section of weld bead

4.4.1 Thermal steady-state conditions

Considerable amount of heat is generated during the weld-deposition process, which
leads to the heating up of the base plate. Hence, the base plate temperature at the
beginning is quite different from the temperature after a couple of weld-deposition
passes. After a certain time, the heat added by weld-deposition equals the heat loss
due to conduction and convection and further temperature change occurs in the base
plate. The identification of this point helps in establishing the thermal steady-state

condition thus enhancing the repeatability of the process.

Nine parallel weld-deposition beads of 120mm each for each combination of filler
wires were deposited on a plate of 160mm x 160mm x 10mm at wire speed and torch
speed values of 3.5m/min and 1.5m/min respectively. This set of experiments was
repeated for three times as shown in Figure 4.10 (a)-(i), to minimize error. These weld
beads were cut cross-sectional and polished using emeries of grit size of 180, 360,
600, 1200, 1500, 2000 before the final diamond polish of 12y, 64, and 1. They were
then cleaned using ethanol solution. Subsequently, the micro-hardness of the cross-
section of the weld beads were measured, as tabulated in Table 4.10.. Figure 4.11 plots
the hardness value of each bead with one presenting the first weld-bead (deposited on
a base plate at room temperature) and the subsequent beads being done on the base
plate undergoing gradual heating. As can be inferred from the figure, the first three
weld beads have high hardness values and it then gradually stabilizes for the
subsequent six beads. Hence, the thermal steady-state during experimentation (and a
replication of the layered deposition scenario) can be achieved after the first three

beads.

67



(9) (h)
Figure 4.10. ldentifying steady state condition of hardness values (a)-(c) ER70S-
6+ER70S-6 (d)-(f) ER110S-G+ER110S-G(g)-(i) ER110S-G+ ER70S-6.

Table 4.10. Hardness values of steady state condition for three combination of two filler
wires.

Wire speed in m/min Hardness values in HV
Sl W(?(de :3:ad ER70S- ER110S-G+ | ER110S-G+
Nozzle-l | Nozzle-2 | Orderno | o\ rrr0s-6 | ER110S-G | ER70S-6
1 35 35 1 404.33 495.00 452.00
2 35 35 2 380.00 485.73 430.00
3 35 35 3 370.00 484.33 425.00
4 3.5 3.5 4 358.73 481.13 418.00
5 3.5 3.5 5 345.27 473.13 420.00
6 35 35 6 350.00 471.93 422.00
7 35 35 7 355.00 475.00 418.00
8 35 35 8 349.00 479.00 417.00
9 35 35 9 352.00 481.00 421.00
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Figure 4.11. Hardness values of deposited weld bead for identification of steady-state
condition.

4.4.2 Effect of torch direction

In twin-wire, the direction of the weld-deposition has to be parallel to the filler wires,
with one leading and the other trailing. As the leading and trailing wire can be
dissimilar, the possible effect of this, if any, on the hardness of the weld-deposition
was studied. Experiments were conducted for different torch direction with different
wire speeds viz. forward, backward direction. Figure 4.12 shows the representations
of direction, wire speed and Figure 4.13 shows the weld beads as deposited in the
forward and backward direction. From the last section, it was found that thermal
steady-state can be achieved after the first three beads. Considering that, of nine beads
first three beads was deposited for pre-heating and steady-state condition and of the
remaining six beads, three beads is in forward and backward direction. The measured
hardness values are listed in Table 4.11. & Figure 4.14. As can be inferred from
Figure 4.14, the torch direction does not have any effect on the hardness of the weld-

deposition.
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_  Nozzle-2 wire speed= 3 m/min
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Figure 4.12. Schematic representation of weld torch direction and wire speed.

(9) (f) (h)
Figure 4.13. Weld bead was deposited in the two directions (a)-(c) ER70S-6+ER70S-6 (d)-
(f) ER110S-G+ER110S-G(g)-(i) ER110S-G+ ER70S-6.
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Table 4.11. Hardness values of different torch direction.
Wire speed in Hardness values in HV
. m/min d_Torf_h Bead | ER70S- | ER110S- | ER110S-
irection
Nozzle-1 | Nozzle- order 6+ER70S- G+ G+
5 no 6 ER110S-G | ER70S-6
1 3 4 Forward 4 351.00 479.00 420.00
2 3 4 Backward 5 352.00 473.00 419.00
3 35 35 Forward 6 355.00 475.00 420.00
4 35 35 Backward 7 351.00 471.00 422.00
5 4 3 Forward 8 351.00 468.00 420.00
6 4 4 Backward 9 354.00 472.00 419.00
—g 300 M Forward
T M Backward
’ ER70S-64+ER70S-6 ER110S-G+ ER110S-G ER110S-G+ ER70S-6

Figure 4.14. Effect of different torch direction.

4.4.3 Effect of bead overlap

One important differentiating factor of weld-deposition from other forms of welding
is that weld beads partially overlap with each other. This results in a deposited weld-
bead being subjected to another phase of heating and partial re-melting when the next
weld-deposition pass is made. Based on the feature size of the layer being deposited,
the number of passes to be made may also change; a thin wall for example may need
only two passes while a thicker wall may require four passes. Hence, a set of
experiments were conducted to find the effect of overlapping weld beads. Figure 4.15
shows the deposited overlapping two, three and five weld beads for three
combinations of fillers, with a step-over increment is 3mm. The measured values are

listed in Table 4.12. And the corresponding values were plotted in Figure 4.16. From
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the figure, it is clear that as a result of partial re-melting, the overlapping beads have
less hardness compared to single bead. After three beads, the hardness stabilizes and
does not change much. It may be noted that single bead deposition will have higher
hardness that overlapping beads and hence must be avoided during area-filling of a
given layer. However, a most of the weld-deposition in a layer demand multiple passes

deposition, it will not be a severe constraint.

(@)
(b)

©

Figure 4.15. Weld beads of (a) Two overlap beads (b) Three overlap beads (c) Five
overlap beads.

—>

Table 4.12. Hardness values of single and overlap beads.

Wire speed in m/min Average hardness values in HV
S:No Nozzle-1 | Nozzle-2 | Single bead | Two beads | Three beads Five beads
1 3.5 3.5 440.00 300.00 255.00 248.80
2 35 35 450.00 294.00 249.33 250.60
3 3.5 3.5 450.00 301.00 248.00 249.20
4 35 35 446.00 292.50 249.67 249.20
5 35 35 453.00 295.50 251.33 250.80
6 3.5 3.5 452.00 286.50 250.67 248.60
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Figure 4.16. Effect of hardness on number of beads deposited of filler wire combination

(ER110S-G+ER70S-6).

4.4.4 Hardness variation along the cross-section of weld bead

Figure 4.17 shows hardness variation in cross-section of weld bead along vertical
direction, from top surface to bottom or towards base plate. It is observed that there is
variation in hardness between base plate and weld bead, especially high hardness is
found in HAZ, values listed in Table 4.13. However, there is negligible variation
within the weld bead. Hence, hardness variation within the bead is neglected, and top

of weld bead can be milled at any location for subsequent layers.

Table 4.13. Hardness variation along cross-section of weld bead in vertical direction.
Distance from top of weld bead (mm) Hardness (HV)
0.2 325
0.4 319
0.6 310
0.8 320
1.0 320
1.2 320
14 320
1.6 443
1.8 327
2.0 255
2.2 212
2.4 181
2.6 181
2.8 181
3 180
3.2 183
3.4 184
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Figure 4.17. Hardness variation along cross-section of bead in vertical direction.

45 Summary
The operating range of the process parameters viz., current and torch speed for the
three possible combinations of the filler wires have been determined and the feasible

working region obtained from the same.

Earlier work on weld bead cross section suggests it follows a parabolic profile with
the optimal step-over increment being two-third of the weld bead width. Experimental
investigation of the weld-bead cross section for various values of wire and torch
speeds confirmed the suitability of this model for twin-wire deposition. A second
degree regression model was also computed for predicting weld bead width and height

as a function of wire speed and torch speed.

Criterion for adopting the twin-wire process from joining to metal deposition/cladding
has also been studied. It is found that during weld-deposition of multiple passes,
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thermal steady state is reached after three weld-beads. Although in dissimilar twin-
wire welding, the leading and trailing may be different for forward and backward
torch direction, it was found that the torch direction does not have any effect on the
hardness of the weld-dead deposited. The number of overlap beads is observed to have
an effect on the hardness with single beads having higher hardness than overlapping
multiple beads. This is due to another phase of heating and partial-re-melting taking
place when the next weld-deposition pass is made. Hardness variation in cross-section
of weld bead along was measured. It was observed that there is variation in hardness
between base plate and weld bead. However, there is less variation is occurred within
the weld bead. Hence, hardness variation within bead is neglected. These preliminary
studies on primary process parameters and secondary operating conditions will
provide the basis for realising a gradient material matrix, to be presented in the next

chapter.
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Chapter 5
Manufacture of Functionally Gradient
Objects

5.1 Introduction

In Additive Manufacturing, the components are realized in a layer-by-layer manner
by selective addition of material at required location. Thus, programmable control of
process parameters for a given position is a crucial component in its implementation.
The same is achieved in TWAM with the help of twin-wire gas metal arc welding
setup integrated with a kuka robot, as discussed in earlier chapter. The desired position
is obtained by the manipulation of the weld-deposition torch which is attached to the
robot arm. The twin-wire welding employs two independent power sources to control
the proportion of each wire. These are also integrated to the robot controller for a
single point control of position and individual deposition rates of the two filler wires.

Figure 3.19 illustrates the various steps followed in the fabrication of gradient
objects. In the first step, the CAD model is sliced into 2D layers; the tool paths for the
same are then converted to the robot format in the next step. The gradient material
deposition is obtained by independently controlling the proportion of two different
filler wires in the twin-wire welding setup. ER70S-6 and ER110S-G were the two
wires selected for the same as they belong to the same family of steels, but has
different hardness and tensile properties. The weld-deposition process parameters
required at a given location are archived by calling the corresponding program
number. Hence, integration of positional control and process parameters, achieved
here with the help of a robot interface is a must in its implementation.

For a given layer, two directions viz., weld-deposition direction (labelled as X-
direction) and step-over direction (labelled as Y-direction) are possible. Depending
on the nature of the gradient matrix, the program for calling the particular weld-

deposition process parameters may be varied accordingly. Figure 5.1 (a) illustrates an



example, where the weld bead having distinct properties is divided into three
segments (X- direction) with a corresponding program having the required process
parameters being called. Similarly, Figure 5.1 (b) shows that the weld-deposition
parameters changing across the step over direction (Y- direction) with respect to the
parameter number. It may be noted from the above discussion that knowledge of the
right process parameters to obtain the given property (hardness in this context) at a
given location is necessary to realize the same. The following sections present the
experimental studies done to obtain such a model for predicting material property

(hardness) as a function of process parameters.

‘eld bead width!

Parameter 1 L5 Parameter 2 J Parameter 3
Weld bead length

‘Gradiont in stepover direction (v)

Parameter (3

Gradient in weld direction (x)

@) (b)

Figure 5.1. Representation of parameter setting for achieving gradient in different
directions (a) weld direction, X (b) step-over direction, Y.

5.2 Effect of ratio of filler wires
Different experiments were carried out to study the hardness of weld bead using the
following combinations of the wires in each of the welding systems (also indicated in

the earlier chapter):

1. Case-1: ER70S-6+ER70S-6
2. Case-2: ER110S-G+ER110S-G
3. Case-3: ER110S-G+ER70S-6

The first two are aimed at obtaining the properties of individual wires; the third is
meant for study of the combination of the two. It is expected that the hardness of the
combination will be in proportion to the volume of the individual filler wires which

in turn is proportional to their wire feed speeds. All other process parameters, except
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ratio of the deposition rate of the filler wires were kept constant with the values
tabulated in Table 5.1.

Table 5.1. Process parameters used for experimentation.
Parameter Value
Wire speed (m/min) Between 2m/min and 5m/min
Torch Speed (m/min) 1.5
Nozzle gap (base plate to torch) (mm) 16
Shielding gas flow rate (L/min) 12
Shielding gas used 82%Argon+18%CQO2
Wire Diameter 1.2mm
Filler materials ER 70S-6, ER110G-S
Step over increment (mm) 3mm
1 é Weld bead path .
=] stcp over increment
5; Start N j‘*
A . . \ 3mm
. 4
- \
-1. y
 — - Y
z End
g - 90mm -
A L
v
- 180mm >

Base plate of
180X65X10mm

Figure 5.2. Weld-deposition torch path.

Figure 5.2 shows the pattern used in the experiments. Weld beads were deposited on
a Mild Steel (MS) substrate of 180 mm X 65 mm X 10 mm for various combinations
of wire speed and filler wires. Each combination was repeated three times. Based on
the earlier studies on process parameters, the wire speed (feeding speed of the filler
wire) was varied from 2m/min to 5m/min (Somashekara and Suryakumar 2014). To
maintain uniform deposition rate while realizing a gradient matrix, the combined
material deposition rate of the two filler wires was kept constant at 7m/min, while

changing their proportion. Therefore,
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v, + vp = constant (5.1)
= 7m/min

Where, v, and v, are the wire speeds of the two filler wires.

In this study, ten beads with a step over increment of 3mm were deposited. The

proportion of material deposited from the individual filler wire can be expressed as:

Va

Proportion of filler wire a out of total deposited material = (5.2)
Ve +vp
v
Proportion of filler wire b out of total deposited material =2 (5.3)
va+vb

For these three combinations of filler wires, the wire speeds, va and vy were varied
from 2 to 5 m/min and 5 to 2m/min respectively. Figure 5.3 (a), (b) and (c) shows the
deposited weld beads on rigidly clamped MS plate, EDM cut samples and polished

samples respectively.

5.2.1 Effect of rate of melting on hardness

Before going for the dissimilar wires, the property variation for similar filler wires
under different parameters was also studied to confirm if they have similar properties
under different rate of melting. Table 5.2 and Table 5.3 lists the measured hardness

for various combinations of wire speeds.

(a) (b) (©)
Figure 5.3. (a) Deposited multi weld beads on MS plate (b) EDM cut weld sample after
deposition (c) polished sample for micro-hardness testing.
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Table 5.2. Measured hardness values for various combinations of wire speeds while
using ER70S-6 in both weld-deposition units.

ER70S-6 filler wires speed Measured

S.No - '(m/min) _ Hardness _
' Weld-deposition | Weld-deposition in HVos in HVos

unit-1 unit-2

Average hardness

198.16
1 2.0 5.0 195.64 197.95
200.04

202.44
2 2.5 4.5 197.96 200.76
201.88

196.72
3 3.0 4.0 196.00 197.40
199.48

199.16
4 3.5 3.5 198.88
198.00

198.68

198.80
5 4.0 3.0 197.44 198.60
199.56

195.72
6 4.5 2.5 197.48 197.55
199.44

196.32
7 5.0 2.0 199.80 198.92
200.64

340
—a— ER70S-6+ER70S-6

320 —e— ER110S-G+ER110S-G

300 R —
2804
260+

240 -

Hardness (HV)

220
200 Sy = = g4 0 n
180

160

0.0 ' 0!5 I 1 !O ' 1 .l5 ‘ 210 l 25
The ratio of filler wire speed (R, va/vb)
Figure 5.4. Effect on melting rate on the hardness of deposited material. R is the ratio of
the wire speeds of the two weld-deposition units.
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Table 5.3. Measured hardness values for various combinations of wire speeds while
using ER110S-G in both weld-deposition units.
ER110S-G filler wires speed Measured
S No _ (m/min) _ Hardness Avergge hardness
Weld-deposition | Weld-deposition . in HVos
unit-1 unit-2 In HVos
296.92
1 2.0 5.0 297.12 296.56
295.64
297.32
2 2.5 4.5 298.64 298.79
300.40
294.44
3 3.0 4.0 293.88 298.43
306.96
294.04
4 3.5 3.5 296.48 296.92
300.24
295.48
5 4.0 3.0 299.68 299.05
302.00
294.52
6 4.5 2.5 293.44 296.41
301.28
295.16
7 5.0 2.0 300.84 298.91
300.72

Figure 5.4 shows the average hardness values of the individual filler wires for various
values of wire speed. It can be inferred from the Figure 5.4, Table 5.2 and Table 5.3
that the two filler wires exhibit similar properties under different rate of melting.
Hence, the individual hardness of each of the filler wires can be taken as below:

Average hardness of fully ER110S-G weld bead, Hgp110s—¢ =295.14+9HVys (5.4)
Average hardness of fully ER70S-6 weld bead, Hgr705—¢ =198.19+ 8 HVs (5.5)

5.2.2 Effect of filler wire ratio on hardness
While the previous section focused on same filler wires being used in both weld-

deposition units, the effect of dissimilar filler wires is presented in the current section.
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Experiments were conducted for various proportions of the dissimilar filler wires. The
wire speeds of ER110S-G, v, and ER70S-6, Vb were varied from 2 to 5m/min and 5
to 2m/min respectively. As in the earlier cases, the total wire speed of the combination
was maintained at 7m/min to ensure uniform deposition rate. The proportion of the
two filler wires can be obtained by using eqgn. (5.2) and egn. (5.3). The values of the
hardness measured for these various combinations are listed in Table 5.2 and Table
53.

It is expected that the hardness of the final weld bead is a function of the proportion
of each filler wire. In other words, the predicted hardness based on wire speed ratio
can be expressed as follows:

Predicated Hardness, H =
VER1105-G

VER705-6 ) (5.6)

+ Hgr7os-6 (
) VER1105-G T VER705-6

= Heros- <UER1105—G + VEr705-6
Table 5.4 shows the comparison of the measured and predicted values of hardness for
various wire speed ratios. Figure 5.5 (a) depicts the variation in predicted and
measured hardness with respect to filler wire speed ratio and Figure 5.5 (b) shows the
scatter plot of the predicted and measured hardness values. From these, it may be
observed that the predicted hardness is a function of proportion of each filler wire.
Figure 5.6 surface plots the hardness for different wire speeds. These help in the

selection of suitable process parameters for a desired hardness at a given location.
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Table 5.4. Measured hardness values for various combinations of wire speeds while using

dissimilar filler wires.

Filler wires speeds |Proportion of each
(m/minﬁ’ filler wire (in %) Hardness value (HVos)
S.No ER110S- ER110S- [ER70S-6 Average Predicted
G E57OS'6 G ref | ref Measured| measure |ref egn(5. E(ror/g)r
Veritos—g o >°| eqn(5.4) Ean(5.5) d 6)
223.00
1 2.0 5.0 28.57 71.43 22156 | 22251 | 22691 | 1.92
222.84
235.60
2 2.5 4.5 35.71 64.29 235.20 | 235.72 | 234.01 | -0.72
236.28
233.08
3 3.0 4.0 42.86 57.14 234.96 | 234.63 | 241.02 | 2.72
235.80
250.48
4 35 35 50.00 50.00 249.60 | 250.61 | 248.13 | -1.03
251.72
250.52
5 4.0 3.0 57.14 42.86 249.00 | 249.82 | 255.24 | 2.14
249.84
264.20
6 4.5 2.5 64.29 35.71 264.16 | 264.31 | 262.35 |-0.85
264.40
258.40
7 5.0 2.0 71.43 28.57 262.96 260.81 | 269.46 | 3.25
261.00

120 - Comparison of predicted and measured hardness
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Figure 5.5. Predicted vs. measured hardness
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Figure 5.6. Surface plot of hardness for various values of wire speeds

5.3 Fabrication of gradient layers

After the identification of the process parameters required for various values of
hardness, the following sample parts were fabricated to demonstrate the concept of
realizing FGMs through TWAM:

(a) One dimensional gradient in step-over direction, Y

(b) One dimensional gradient in weld-deposition direction, X

(c) Two dimensional gradient in both step-over and weld-deposition directions, X-Y
(d) Three dimensional gradient, X-Y-Z.

5.3.1 Gradient in step-over direction

The simplest case of gradient is one in step-over direction where each welding pass
will have a particular set of parameters. Figure 5.7 shows the intended sample for such
a gradient. It is divided into three regions of 9mm each; the desired hardness of each
of these regions is 248.1, 234.0 and 226.9HV0.5 respectively. Each section is 80mm
long. The process parameters during the each of these weld-deposition passes can be
computed from the hardness model obtained in the earlier section. The wire speed
combination for the first three beads comprising the first region will be Veriios-c
=3.5m/min and Ver7os-s =3.5m/min. Similarly, for the next three beads, comprising
the second region will be Ver110s-c =2.5m/min and Verzos-s =4.5m/min and that of third
region with the last three beads will be Veri10s-c =2.0m/min and Verzos-s =5.0m/min.

Figure 5.7 (b) shows the sample prepared in this manner. Figure 5.8 plots the desired
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and measured hardness across the step-over direction (). The measured values show

good match with the desired hardness at that location.

MW

% ]
=
2 EELL

¥

22690V]| |

Lo £ Weld ending point

(a) (b)
Figure 5.7. One dimensional gradient across the step-over direction (a) representation of
desired gradient (b) sample prepared with varying wire speed ratios.
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Figure 5.8. Desired and measured hardness along the step-over direction (Y).

5.3.2 Gradient in weld-deposition direction

To demonstrate a gradient in weld-deposition direction, a sample with three different
hardness values in the X-direction was selected. The layer of 120mm x 30mm was
prepared using TWAM. In order to avoid the effect of perpendicular welding, the
edges were ignored and only the central portion was studied. The central portion was
divided into three zones of different hardness viz., 226.9, 248.1 and 269.5HV along
X-axis respectively. As the hardness variation is occurring in every weld-bead, a given
weld-bead has to be divided into multiple sub-programs and each sub-program
representing the particular set of process parameters has to be called from the robot
controller. The wire speed combination for the first zone will be Veri10s-6 =2.0m/min

and Verzos-s =5.0m/min. Similarly, for the second zone, it will be Ver110s-6 =3.5m/min
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and Ver7os-s =3.5m/min and that of the zone will be will be Veri10s-6 =5.0m/min and
VEr70s-6 =2.0m/min. This segmentation has to be carried out for each weld-deposition
pass, making it more intricate than the earlier case. Figure 5.9 shows the sample
prepared in this manner. Figure 5.10 plots the desired and measured hardness across
the weld-deposition direction (Y). Although the measured values in first zone shows
good match with the desired hardness, the error is considerable in the third zone. This

may be due to the transition occurring between zone 2 and zone 3.

| Weld starting point
I\ 20mm 20mm 20mm__,

Parameter-1  Parameter-2 _ Parameter-3 |

22691V 248.1HV 269.4HV

Weld ending point

Figure 5.9. Gradient in weld-deposition direction (a) representation of desired gradient (b)
deposited weld beads (c) polished sample for micro-hardness testing.
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Figure 5.10. Desired and measured hardness along the weld-deposition direction (X).
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5.3.3 Two dimensional gradient in both step-over and weld-deposition
directions

In the earlier sub-sections, the gradient in step-over and weld-deposition direction was
dealt separately. They are combined here to fabricate a layer with hardness varying as
shown in Figure 5.11. The two dimensional 80mm x 80mm layer is discretized into
16 square segments of 20mm x 20mm each. The desired hardness and the
corresponding wire speeds are indicated in Figure 5.11 (a) and (b) respectively. Figure
5.12 shows the deposited weld bead and the polished layer for measurement of micro
hardness. The measured values are compared with the desired hardness in Table 5.5,
showing good match between the two. Figure 5.13 shows predicted hardness for

varying values of Ver110s- in both the directions plotted together with measured values
from the experiments.

Weld-deposition Direction (X) ‘ Weld-deposition Direction (X) ‘

Stepover Direction (Y)

=

269.5

s stepover Direction (Y)

45,25 5.0,2.0

e
I

20mm

(a) (b)
Figure 5.11. Two dimensional gradient in both step-over and weld-deposition directions (a)
the desired hardness (b) the wire speeds (Veri1os-G, VeEr70s-6) USed to obtain the same.
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Figure 5.12. Deposited weld beads of two dimensional gradient.

Table 5.5. Hardness values in two dimensional gradients for various proportion of wire

speed.

Step-over Weld-
direction | direction (X)
(Y) mm mm

Hardness (HV)

Measured

Average
Measured

Desired

Error (%)

0-20

233.78

227.22

228.3

223.89

226.87

-0.63

20-40

228.67

218.11

225.15

228.67

233.95

3.76

0-20
40-60

239.33

240.22

236.78

230.78

241.03

1.76

60-80

247.22

232.00

244.56

254.44

248.11

1.43

0-20

241.22

231.78

233.74

228.22

233.95

0.09

20-40

244.33

240.22

241.41

239.67

241.03

-0.16

20-40
40-60

241.11

24411

242.85

243.33

248.11

2.12

60-80

246.56

234.11

243.3

249.22

255.19

4.66

0-20
40-60

242.33

238.89

240.11

239.11

241.03

0.38

20-40

247.67

249.00

249.11

248.11
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250.67
255.22
40-60 254.78 255.74 255.19 -0.22
257.22
247.89
60-80 249.89 253.19 262.27 3.46
261.78
243.11
0-20 237.78 238.93 248.11 3.7
235.89
254.22
20-40 244.89 252.22 255.19 1.16
60-80 257.56
252.67
40-60 254.89 252.33 262.27 3.79
249.44
252.89
60-80 256.67 256.3 269.35 4.85
259.33

. « SG i .
Wire speed of ER110S-G in weld direction Wire speed of ER110S-G in stepover direction

Figure 5.13. Two dimensional gradient of predicted vs. average measured hardness
values for various proportion of wire speeds.

5.3.4 Three dimensional gradient

In the earlier sub-sections, the gradient in step-over and weld-deposition direction was
dealt separately and continuously. In this section thickness gradient is combined here
to fabricate a layer of two dimensional gradient to fabricate three dimensional part
with varying wire speed the representation as shown in Figure 5.14. Figure 5.15 shows
the steps followed to achieve a rectangular three dimensional object. However, it may

be noted that as the actual measurement of internal hardness of this block involves
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humongous amount of destructive analysis of each sub components. Hence, it has

been presented only as a demonstration part.

1st layer e 2nd layer 4 3rd layer
2 2.2 2.4 2.6 - 22 24 26 28 : 24 26 2.8 3
2.2 2.4 2.6 2.8 * 24 26 2.8 3 p 2.6 2.8 3 3.2
2.4 2.6 28 3 o 2.6 2.8 3 32 2.8 3 3.2 3.4
2.6 2.8 3 3.2 e 2.8 3 3.2 3.4 e 3 3.2 34 3.6
. § U i e
/26 2.8 3 3.2 28 3 32 34 /. 3 32 34 36
2.8 3 32 3.4 3 3.2 3.4 36 3.2 3.4 36 38
3 3.2 3.4 3.6 = 3.2 3.4 3.6 3.8 3.4 3.6 3.8 4
3.2 34 36 3.8 34 36 38 4 ) 36 3.8 4 4.2
7™ layer - 8 layer 3 9% layer 10 layer
3.2 34 3.6 38 34 36 38 /&Y 38 4 42 38 4 42 / 44
34 3.6 38 4 s 38 4 42 /7 38 4 42 /S a4 S 4 12/ 44 7 46
3.6 3.8 4 4.2 . 3.8 4 4.2 4.4 74 4.2 44 4.6 - 42 44 4.6 4.8

a8 4 42 YLy 4.2 44 46 77 42 44 46/ 48 44 16/ 48 5

Figure 5.14 Two dimensional layer w.r.t. wire speed

LAUN JRLIN FELR GPDNT 1M RRC T i b V1WA Tuolld]ithal V)

Figure 5.15 Fabrication of three dimensional gradient object

54 Applications
Applications of gradient metallic component has high demand in many sectors
including and not limited to aerospace, bio-medical, bone replacements, gradient die
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tools, automobile parts. In support of this many researchers have successfully
demonstrated the application of AM to manufacture the gradient objects using LENS,
SLS, etc. listed in the literature survey section. TWAM is also capable of
manufacturing gradient objects. Two such cases are illustrated using TWAM process:

square hollow shape and die tooling.

Case-1

Figure 3.19 shows steps followed to achieve gradient object. Figure 5.16 shows
representation of gradient component of square hollow type (a) the schematic
representation gradient layers of square type gradient from inside to out (b) CAD

model.

75%ER1105-25%ER705-6 Gradient layers

50%ER110S-50%ER70S-6
25%ER110S-75%ER70S-6

7 First layer
(@)

(b)
Figure 5.16. Component of gradient (a) Schematic representation of two dimensional
gradient layer (b) CAD model.
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Gradient deposition was done using the combination of ER110S-G and ER70S-6. The
hard outer shell done with 75% of ER110S-G and 25% of ER70S-6 composition.
Similarly, the middle part is made up of 50% of each filler wire and inner part with
25% of ER110S-G and 75% of ER70S-6. Therefore, the gradient of the object varies
in steps from outside to the inside along the cross section. In other words, the outside
of the object or the outer circumference has higher hardness, which gets reduced as
we move to the inside of the object or the inner circumference. Figure 5.17 (a) & (b)

shows the first layer deposited and the corresponding finished part respectively.

} 1
|
1]
-~ $

;
¥

s N
——————

(b)

Figure 5.17. Deposited gradient part (a) Sample of first layer (b) Finished part.

Case-2

Figure 5.18 (a) depicts the layers constituting the gradient object of the mold. In this
case, punch-cavity pair is designed. Figure 5.18 (b) and (c) show the CAD model of
punch-cavity pair. Figure 5.19 (a) shows the layers deposited by 100% ER110S-G

and (b) shows the layer after milling process.
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Low hardness (100 %ER70S-6)

Medium hardness (50% ER110S-G+
50%ER70S-6

High hardness (100% ER110S-QG)

-

—

(b) (©)
Figure 5.18. (a) Schematic representation gradient layers for gradient mold; (b) CAD
model of punch-cavity pair.

Figure 5.19. (a) Layers deposited by 100% ER110S-G, b) layer after milling process

The layers forming the cavity area of the dies is deposited by 100% ER70S-6 and
therefore, is of lesser hardness. The hardness increases as we move away from the
cavity area, where there is a sequential deposition of 50% ER110S-G+50% ER70S-6
followed by 100% ER110S-G resulting in high hardness on the outside of the die.
Figure 5.20 shows the finished part of the gradient mold for the punch-cavity pair of
a die at two different orientations.
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d ~ 0 -
Figure 5.20. Finished gradient mold for the punch-cavity pair of a die at two different
orientations.

5.5 Summary

The methodology and various experiments carried out to identify the suitable process
parameters at a given location for a desired variation of hardness have been presented.
It is found that the individual melting rate of the filler wires does not affect the
hardness of the weld bead and it is only a function of the ratio of the amount of

material of each deposited (and the wire speed).

Four types of sample parts were fabricated to demonstrate the concept of realizing
FGMs through TWAM viz., gradient in step-over direction, in weld-deposition
direction, in both the directions and finally gradient in X, Y and Z directions. While
the first requires change in weld-deposition parameters across weld beads, the latter
two demand modification of process parameters for different sub-sections too. The
final three dimensional variation also requires demands such variation to be carried
across layers. The fabricated parts showed good match with the desired hardness

values for a given location.
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Furthermore, to demonstrate the possible applications of TWAM, two illustrative
examples were fabricated viz., a hollow square and a punch-cavity pair. These
components have hard outer shell and the inner surface of lower hardness with the
hardness gradually varying from one surface to the other. As most of the actual
applications today assume the fabrication of only a homogeneous material matrix
possible, real case studies in FGMs being used are indeed rate. It is hoped that with
the new possibilities being opened by AM, designers will empowered to contemplate

more complex parts with varying properties.
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Chapter 6
Characterization of Twin-wire Weld-

Deposited Objects

6.1 Introduction

Apart from the composition of the materials deposited, owing to the sequential nature
of the AM approach, the process parameters also play a role in deciding the properties
of the manufactured object. For example the first layer may be subjected to numerous
cycles of heating and cooling in contrast to the last layer. These differences in the
conditions may also lead to variance in properties and has to be characterized for
precise control of the process. Jandric et.al studied the effect of localized heat on
microstructure of three dimensional parts through weld-deposition. It was observed
that most low carbon steels transition from austenite to ferrite on gradual cooling to
room temperature. However, phase change may also be affected by the cooling rate;
in the earlier case, if the cooling rate is fast, cementite and ferrite phase will form
(Jandric, Labudovic, and Kovacevic 2004). Thijs et.al examined the effect of process
parameters and the relation between them and the scanning direction (Thijs et al.
2010). This chapter discusses mechanical and material characterization of parts
deposited through TWAM. This is carried out using micro-hardness testing, Optical
Metallography (OM), Energy Dispersive X-ray Fluorescence (ED-XRF), Energy
Dispersive X-ray analysis (Edax), X-ray diffraction (XRD). The best resolution that
can be achieved in the gradience has also been analyzed.

6.2 Experimental analysis for characterization of the specimen

6.2.1 Sample preparation

The commercially stated yield strength - tensile strength of these two filler wires are
490MPa-680MPa and 570MPa-800MPa respectively. While the filler wire ER110S-
G is a high strength steel with high alloy composition, ER70S-6 is a carbon steel of

normal strength. The difference between the two filler properties is mainly due



difference in Ni, Mn and Mo composition and the effect of these will be discussed in

detail in the subsequent sections.

Experiments with various combinations of filler wires, as given below were carried
out for the characterization of the process; each combination was repeated thrice to
increase the accuracy of the analysis. Based on the earlier studies by the authors on
the operating parameters of twin-wire, the wire speed and torch speed values of
3.5m/min and 1.5m/min were found to be optimal and the same were used for current
experiments (Somashekara and Suryakumar 2014). These experiments were carried
out on mild steel base plates with an step-over increment 3.0mm and 82-18% mixture

of Ar+CO> shielding gas. The combination of filler wires for analysis are:

100% of ER70S-6

75% of ER70S-6+25% of ER110S-G
50% of ER70S-6+50% of ER110S-G
25% of ER70S-6+75% of ER110S-G
100% of ER110S-G

o ~ w0 e

Y

el

Figure 6.1. Specimen preparation (a) weld-deposition (b) cross-sectional cut weld
specimen (c) a cut-specimen with polished top surface for hardness measurement.

6.2.2 Micro hardness analysis

The specimen for micro hardness testing were prepared through sequential grinding
with emery papers of grits 180, 360, 600, 1200, 1500 and 2000 followed by diamond
polishing using 9y, 6, 3p and 1 grits. Figure 6.2 & Figure 6.3 shows the indentation
and hardness values for each of the above mentioned combinations of the filler wires.
As expected, specimen deposited with 100% ER110S-G has highest hardness and
lowest hardness was found in the case of 100% ER70S-6. It may be also observed that

increase in the ER110S-G ratio proportionately increases the hardness; the reverse is
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true in the case of ER70S-6. This also correlates with the finding the earlier chapter

where the hardness of the resultant weld bead is in the volumetric ratio of the filler

wires used.

(e)
Figure 6.2. Micro- hardness indentations of composition (a) 100% of ER70S-6 (b) 75% of
ER70S-6+25% of ER110S-G (c) 50% of ER70S-6+50% of ER110S-G (d) 25% of ER70S-
6+75% of ER110S-G (e) 100% of ER110S-G.

Hardness variation w.r.t filler wire proportion
300

250

200
50 +
04 T v T T

100% of F1 75 % of F1+25% of F2 50% of F1+50% of F2 25% of F1+75% of F2 100% of F2

Hardness ( in HV)
g2 g
1 1

Filler wire proportion

Figure 6.3. Hardness variation with respect to filler wire proportion. F1 and F2 are filler
wires.
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6.2.3 Microstructural analysis

To facilitate the study of the microstructure, deposited specimen were cleaned in
Nitric Acid and Alcohol (Nital) solutions before microstructure analysis in Optical
Microscope STM6-LM made by Olympus. Figure 6.4 shows the microstructure of
weld beads; the black and white colours in the images being indicative of pearlite and
ferrite structures respectively. Figure 6.4 (a) shows the solid solution of ferrite and
pearlite which has approximately 80% of ferrite and 20% of pearlite. White color
ferrite grains indicate that more amount of ferrite is present, which normally indicates

lesser hardness.

Figure 6.4 (b) shows the coarse bainite-ferrite structure was found in deposited part
of 75% of ER70S-6+25% of ER110S-G filler wires proportion, the amount of ferrite
percentage is less compared to fully deposited ER70S-6. Evidently, when proportion
of filler ER110S-G increases, the percentage of alloys will also increase which results
in increase in the hardness. Figure 6.4 (c) shows a specimen with combinations of
50% of ER70S-50% of ER110S-G. It reveals a medium grained bainite-ferrite
structure. Similarly, in the Figure 6.4 (d) shows the medium grained bainite-ferrite
structure with decreasing ferrite composition, in the proportion of 25% of ER70S-6+
75% of ER110S-G. Figure 6.4 (e) shows the coarse grained bainite-ferrite structure
was formed with 100% ER110S-G filler wire used, in this part the percentage of ferrite

composition decreased drastically.
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(d) (e)

Figure 6.4. Microstructural variation with respect different proportion of filler wire (a) 100%
of ER70S-6 (b) 75% of ER70S-6+25% of ER110S-G (c) 50% of ER70S-6+50% of
ER110S-G (d) 25% of ER70S-6+75% of ER110S-G (e) 100% of ER110S-G.

6.2.4 X-Ray Fluorescence (XRF) analysis

XRF is a good technique for finding elements present in the unknown sample. The
present study focuses on the elements present in the deposited part of various
proportions of filler wire with dissimilar filler wires. To find the percentage of each
element present in the unknown parts, analysis was done using Epsilon 3*-E EDXRF
spectrometer made by PANalytical. Figure 6.5 illustrates the different proportion of
filler wire of particular element presented in the component, with Fe, Ni, Mo, Mn, Cu
and Cr elements being detected. It was observed as we progress from lower to higher
proportion of ER110S-G, the percentage of elements like, Ni, Mo, Mn and Cr also
increases, while that of Cu and Fe-balance decreases. Similarly, observation can also
be made from XRF spectrums shown in Figure 6.6.
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Figure 6.5. XRF analysis of weld-deposited parts of composition of element (a) Fe (b) Ni
(c) Mo (d) Mn (e) Cu (f) Cr (F1 and F2: filler wires ER70S-6 and ER110S-G).
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Figure 6.6. X-Ray Fluorescence (XRF) spectrum (a) 100% of ER70S-6 (b) 75% of
ER70S-6+25% of ER110S-G (c) 50% of ER70S-6+50% of ER110S-G (d) 25% of ER70S-
6+75% of ER110S-G (e) 100% of ER110S-G.

6.2.5 Energy Dispersive X-ray analysis (EDAX)
EDX analysis was conducted using the Oxford EDX equipped Carl Zeiss AG, for
quantitative analysis of elements presented in the deposited parts. Figure 6.7 shows
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the confirmed values of peaks for Fe and other elements like Ni, Mo, Cu, Cr and Mn
present in the deposited parts of dissimilar wires at various proportions. The elemental
percentage was found similar to XRF analysis. Hence, only spectra graphs are plotted
to avoid repetition.

Figure 6.7. Edax Spectra from a different composition part (a) 100% of ER70S-6 (b) 75%
of ER70S-6+25% of ER110S-G (c) 50% of ER70S-6+50% of ER110S-G (d) 25% of
ER70S-6+75% of ER110S-G (e) 100% of ER110S-G.

6.2.6 X-Ray diffraction (XRD) analysis

X-Ray diffraction is a good technique to identify the phase present in the deposited
parts, as the weld bead deposition parts will undergo several thermal cycles and
properties changes. Hence, it is very important to understand or identify which phase
and composition is present in the deposited parts. Figure 6.8 plots the intensity of
different combinations of filler wire proportion. As observed in other cases, here too,
for the 100% of ER70S-6 combination, Fe intensity is high and gradually decreases
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as we move towards 100% of ER110S-G combination. These results will be studied

in detail in the subsequent results and discussion section.

— 100% of ER1105-G
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Figure 6.8. XRD phase of different filler wires combinations.

6.3 Results and Discussions

The various set of experimental analysis for characterization of the specimen
presented in the above section aims at getting an insight into the development and
change of mechanical and characterization, during the twin-wire welding based
deposition of different proportions of filler wire with dissimilar wires. The following

are some of the observations based on the results of these experiments:

1. 100% of ER70S-6: The hardness of similar filler wire with 100% of ER70S-
6 was found to be 198HV. The corresponding microstructure, shown in Figure
6.4 (a) reveals a solid solution of ferrite and pearlite with approximately 80%
of ferrite and 20% of pearlite. Bigger the ferrite (white color) grain size,
relatively lesser is the hardness, as is so in this case. Black or dark grey color
indicates the composite of pearlite, which is present in lesser percentage. From

XRF and Edax, it was found that in this particular combination, the percentage
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of alloys are less and Fe-balanced element is more. Additionally, from XRD
analysis it was also found Fe peak intensity is higher compared to the rest of

the peaks shown in Figure 6.8.

. 75% of ER70S-6+25% of ER110S-G: A deposited specimen of dissimilar
filler wire combination of 75% of ER70S-6+25% of ER110S-G was found to
have the corresponding hardness of 222 HV. Figure 6.4 (b) shows the
microstructure of the corresponding part, a solid solution of fine bainite-ferrite
was formed, in this case the ferrite percentage slightly decreased compared to
the previous case. This change is due to addition of the other filler wire of
ER110S-G, which changes the structure is slightly due to its high amount of
Ni, Mo alloys. Correspondingly Fe percentage decreased and alloys

percentage increased, as a result Fe intensity decreased.

. 50% of ER70S-6+50% of ER110S-G: For the dissimilar filler wire

combination of 50% of ER70S-6 and 50% of ER110S-G, hardness was found
to be 247 HV, which indicates that hardness directly increased when the
proportion of ER110S-G filler wire increased. The microstructure of
corresponding values are in shown in Figure 6.4 (c) it was found that a medium
grained bainite-ferrite structure, as the percentage of the alloys(Ni, Mo)
increased the percentage of Fe element decreased resulting in decrease in
ferrite matrix in structure. Subsequently, Fe intensity decreased as shown in

Figure 6.8.

. 25% of ER70S-6+75% of ER110S-G: Similarly, in the case of 25% of
ER70S-6 and 75% of ER110-G was found to have relatively higher hardness
272HV compared to previous proportions. The microstructure of
corresponding values are shown in Figure 6.4 (d). It had medium grained
bainite-ferrite and the relative percentage of ferrite matrix decreased. It was
observed that as the proportion of ER110S-G increases the corresponding

alloys percentage increased and Fe percentage decreased. Also, observed from
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XRD peaks the correspondingly Fe peaks are decreased as shown in Figure
6.8.

5. 100% of ER110S-G: A 100% ER110S-G filler condition had a hardness of
297HV; the maximum compared to the previous proportion of filler wires.
Figure 6.4 (e) shows the coarse grained bainite-ferrite structure. It was also
observed that the ferrite percentage decreased, due to increase in alloy
composition. From XRD graphs it was also found that Fe peak was decreased

compared to previous part shown in Figure 6.8.

From the above discussion, it was found that hardness of deposited parts is varying in
the same pattern as that of the proportion of filler wires. From microscopy analysis,
Ferrite-pearlite and Bainite-Ferrite structures were found to be present in the
deposited specimens. Ferrite-pearlite microstructure is found to have less hardness
and increase in the coarse grained bainite-ferrite structure is observed to have
increased the hardness. The percentage of elements like Ni and Mo in the composition,
as well as the intensity peaks of the XRD also varied proportionately with the ratio of

the filler wires used.

6.4 Resolution of the gradient structure

Gradient resolution specifies the least possible size of gradient pixel or minimum gap
required for a changeover from one value to another. It indicates the finest size/feature
that can be printed by an additive manufacturing apparatus. It is generally described
as the width of minimum possible unit or as the spots per unit length and limited by
the nozzle size. Obviously, the higher the resolution, the more spots per unit length
can to be printed and the more detailed features can be realized. Thus, resolution plays
an important role in the build quality. A higher resolution implies a larger number of

printing tracks and more detailed features.
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(a) (b)
Figure 6.9. Deposited sample of switching over from one welding parameter to another of
torch direction (a) forward (b) backward.
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Figure 6.10. Measured hardness variation along the weld-deposition direction with two
different weld parameter in forward and backward direction of welding torch.

In order to identify the least possible feature possible, it is important to measure the
transition region width while switching over from one parameter to another. To
identify the same a pair of experiments with two different parameters, 75% of ER70S-
6+25% of ER110S-G, as shown in Figure 6.9 & Figure 6.10 have been carried out. It
is observed that there is a transition region between the two set of welding parameters
where the hardness values do not follow a predictable pattern. This in other words is
gap while switching over from one weld parameter to the subsequent weld parameter.
This gap was measured to be ranging between 8-11mm. From this, it can be deducted
that a minimum 8-11mm transition gap will can be encountered while moving from

one parameter/functional value in the gradient matrix to another.
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6.5 Summary

The characterization of objects weld-deposited through TWAM process have been
presented in this chapter. Specimen made with five different combinations of filler
wires {100:0, 75:25, 50:50, 25:75, 0:100} were used for the analysis. These specimen
were examined further by subjecting them to micro hardness, microstructural, X-Ray
Fluorescence (XRF), Energy Dispersive X-ray analysis (EDAX) and X-Ray
diffraction (XRD) analysis. In all these experiments, the properties were observed to
be proportionate to the ratio of the respective filler wire ratios. This also correlates
with the finding the earlier chapter where the hardness of the resultant weld bead
assumed to be in the volumetric ratio of the filler wires used. This reinforces the
hypothesis that the properties of the weld-deposited parts can be controlled in a
localized manner by controlling the proportion of the filler wires.

Further on, the width of the transition region while switching over from one set of
parameters to another was also investigated. This will help in assessing the best
possible resolution of the gradient matrix possible. It was found that a minimum 8-
11mm transition gap will can be encountered while moving from one

parameter/functional value in the gradient matrix to another.
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Chapter 7
FEA Modelling of Twin-wire Weld-

Deposition

7.1 Introduction

Residual stresses caused during weld-deposition are a major source of cracks in the
fabricated parts. With time, the deposited weld metal contracts. However, the weld is
partially prevented by the large adjacent body of relatively cold metal. Hence, leading
to residual tensile stresses along the weld (Lin and Perng 1997). Greasley and Naylor
found that unrelieved stresses causes specimen distortion during notching resulting in
a predominant tensile stress field ahead of the notch tip (Greasley and Naylor 1986).
Digiacomo obtained a linear correlation between residual stresses and the elastic
deflection within the weld pool and its adjacent base metal of the weldment's
members once the constraint forces are released (Digiacomo 1969). Webster and
Ezeilo studied the residual stress distributions and their influence on fatigue lifetimes

for multi-pass welds (Webster and Ezeilo 2001).

Modelling of the welding process is felt necessary to understand the evolution of the
material properties and to better control the thermal and structural characteristics like
residual stresses resulting from the process. As such, welding process modelling is
highly complex as they are multi-physics simulation involving phase changes.
However, either Computational Fluid Dynamics (CFD) & heat transfer modeling of
the molten slag or reduced modelling with single phase using equivalent heat source
models are usually adopted (Cho et al. 2013; Goldak, Chakravarti, and Bibby 1984).
As the focus in the current work is the residual stress evolution in the complete
structure, CFD analysis is computationally demanding, hence, an equivalent heat

source methodology is adopted to obtain the thermal gradients.

In weld simulations the distribution of thermal gradients depends on two factors:

firstly on accuracy of the heat source in representing the melt-pool and secondly on



path of the moving heat source. Numerous heat source equations have been proposed
by various researchers for accurate welding simulations (Christiansen, Davies, and
Gjermundsen 1965; V. Pavelic, R. Tanbakuchi, O. A. Uyehara 1969; Ghazvinloo and
Shadfar 2010; Rosenthal D 1946). Among these, Goldak et al. heat source model
which has a Gaussian distribution of power density over a double ellipsoidal geometry
is adopted widely in literature for moving heat sources (Goldak, Chakravarti, and
Bibby 1984; Rosenthal D 1946).

The material deposition during the process, restricted to solid phase simulations, is
implemented using element death-and-birth technique in FE analysis by many
researchers (Gery, Long, and Maropoulos 2005; Y Zhang and Chou 2006). The same
is also employed in the current work and discussed in detail in the subsequent section.

Multi-pass welding is a key feature which differentiates the weld-deposition for AM
from the typical single pass welding often used in material joining. Modeling of multi-
pass welding in applications other than AM is limited to a few parallel passes which
do not take the area-filling pattern into consideration (Feli et al. 2012; Brickstad and
Josefson 1998; Teng, Chang, and Tseng 2003; Deng and Murakawa 2006; Deng,
Murakawa, and Liang 2008). Even in such investigations, it was found that the rear
pass has the stress release effect on the fore passes and the stress of the last pass plays
a significant effect on the residual stress distribution, hence, signifying the importance
of the path on the residual stress evolution (Feli et al. 2012). Existing studies on the
effect of area-filling for large number of multi-passes has been limited only to
experimental finding and/or reduced numerical modelling (Klingbeil et al. 2002). A
detailed 3D FEM approach of the same was found lacking. The current study tries to
bridge the gap in modeling of pattern dependent weld-deposition for AM, also

featuring twin-wire deposition.

Twin-wire welding offers some unique advantages over single wire welding, like
higher deposition rates in addition to making it possible to create gradient objects by
the use of dissimilar wires. As two different wires from separate power sources go

into a single torch in the case of twin-wire welding, its process parameters slightly
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differ from those of single wire. Studies on the effect of flux consumption,
penetration, heavy corner welds, residual stress in twin-wire was studied by various
researchers (Sharma, Arora, and Mishra 2008; Sharma et al. 2009; Janez Tusek 2000;
J Tusek 2004). The double ellipsoidal moving heat source modeling of single wire by
Goldak et al., can be extended to twin-wire either by superposition of two double
ellipsoidal heat sources separated by a distance or combining the two heat sources
into an equivalent Goldak heat source while factoring in the arc blow effect (Meng et
al. 2005; Sharma et al. 2009; Sharma, Arora, and Mishra 2008; J Tusek 2004; Janez
TuSek 2000). In the weld-deposition context of AM, the pattern filling direction
changes frequently. Thus, the welding direction need not be always aligned with the
twin-wire torch orientation. Hence, superposition approach is preferred over the
equivalence approach. As the twin-wire welding was carried out in pulse mode in such
a manner that only one arc is active at a given time, the arc-blow effect can be

neglected.

7.2 Finite Element Analysis of twin-wire weld-deposition

7.2.1 Governing equations and boundary conditions

Finite Element Analysis (FEA) is a widely used numerical technique for finding
approximate solutions to boundary value problems of partial differential equations. In
welding application, the magnitude of the heat generated during the deformation is
insignificant to that of heat generated by the heat source during welding. Therefore,
passively coupled thermo-mechanical approach (i.e. a sequential thermal analysis
followed by structural) is adopted. For computing the time-temperature distribution
in a non-linear heat transfer analysis, at an initial temperature well above the liquidus
temperature, incorporating moving heat source and filler material addition is carried
out. Subsequently, the temperature field is used as a thermal load in a non-linear
mechanical analysis to calculate the subsequent mechanical effects on the work piece

due to thermal strains.
Principle heat conduction equation by Fourier for thermal analysis and the three

partial differential equations of force equilibrium for mechanical analysis are used as

governing equations.
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O-ij,i + p] =0 (72)

Where T Temperature of the material
p Material Density
¢, Specific heat
K Heat Conductivity

Qy External volumetric heat supplied into the body
p; Body force at any point
a;j Stress tensor

At the ambient temperature, convection and radiation are very substantial. Newton’s
Law for surface convection heat loss and Stefan-Boltzmann’s law for radiation heat
loss are considered as boundary conditions for thermal analysis. Figure 7.1 & Figure

7.2 illustrate the details of boundary conditions for thermal and structural analysis
respectively.

1
| 1
Figure 7.1. Boundary condition for thermal analysis: 1- Heat Source; 2- Convection and
Radiation.

According to Newton’s law of surface convection, heat loss Qcon IS given by,

dcon = heon " (T — To) (7.3)

Where h.,,, Convection heat transfer coefficient
T, Ambient temperature

According to Stefan-Boltzmann’s law, the radiation heat loss Qrad IS given by
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Qrqa = €0 ((T - TZ)4) - ((TO - TZ)4) (74)

Where ¢ Emissivity constant
o Stefan-Boltzmann constant
T, Absolute zero on the actual temperature scale

Materials when uniformly heated (at moderate temperatures less than half the melting
point of the solid), regains its original shape after uniform cooling. In weld-deposition
process, due to the moving heat source, area adjacent to the latest weld bead will have a
higher temperature than that of the rest and hence component experiences non-uniform
heating and cooling. The residual stresses in weld-deposition are due to firstly non-
uniform heat distribution and secondly the constraining effects from the adjacent
structures. The constraining effects can be further sub-divided into elastic and plastic
constraints. In substrates, during the weld-deposition, the average temperature was
found to be less than one-third of the melting point of the solid. Hence, the major
contributions are from elastic constraints and only they were considered in the

simulation.

Encastre

Substrate

Figure 7.2. Boundary conditions for structural analysis.

Welding, an electric arc, generates approximately 60-70% of the heat energy at the
anode and the rest at the cathode. The net heat input (per unit time) is given by the

equation (7.5) for a basic welding process:

Q = nVI (7.5)
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Where (@ Heat Input (W)
Arc Efficiency (%)
Voltage (V)
Current (A)

_—<3

This basic heat input equation does not fully capture the entire process of arc
generation and distribution. Hence, a series of heat source models were put forward
in the literature to depict the heat source equation to fit real welding process. Double
ellipsoidal heat source model, presented by Goldak et.al. consisting of Gaussian
distribution has excellent feature of power density distribution control in the weld
pool and HAZ (Goldak, Chakravarti, and Bibby 1984). The heat input is defined
separately over two ellipsoidal regions; one region in front of the arc center and the
other behind (Figure 7.3). The heat distribution of front and rear quadrants of the heat

source of welding arc can be expressed as:

_ om0 (5 6)

U= mvmasbe (7.6)
o/ )
" mma,bc (7.7)

a,, ay, ff, fr b, c are characteristic parameters of heat source. As per Goldak et. al.,
the values of as, ar, b and c can be obtained from shape of the weld bead and molten
zone. The recommended estimate for the parameters b and ¢ will be the width and
penetration of the weld bead, while those for as and ar will be around one-half and
twice the weld bead width. Taking these recommendations into considerations and
based on previous studies on the weld-bead geometry, the following values for the

parameters are chosen (Adinarayanappa and Simhambhatla 2014):

ft

ar

0.6

3mm

fr

ar = 9mm

1.4

n 0.7

b = 5mm (¢ = 4mm
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Arc-arc distance = 6mm

Figure 7.3. Schematic of double ellipsoidal heat source for twin-wire (arc-arc distance =
6mm).

7.2.2 Modeling of filler material and substrate

Earlier there were numerous attempts in 2D and 3D finite element analysis of
welding process that only considered the heat input while ignoring the material
addition (Lindgren 2006; Anca et al. 2011; Deng and Murakawa 2006).
However, as the complete object is fabricated in a layer by layer manner in the
weld- deposition based additive manufacturing, the amount of material added
is considerable and cannot be neglected. Hence, quiet element method was
adopted for factoring-in the material addition. In this method, during the
analysis the stiffness and the thermal conductivity of deposition elements are
assigned a very low value so that they do not disturb the rest of the model.
Upon the instance of weld-deposition occurring in the process, they can be

activated by assigning them the appropriate material properties.

In the current work, quiet element technique for which ANSYS has special
feature called element death-and-birth functionality has been used to
implement the same (ANSYS 2015). The value of thermal conductivity and
stiffness of deactivated elements should be low so these may not have any
contribution to the rest of the model but should not be as low that may produce
an ill conditioned matrix. The elements belonging to a specific weld bead are
reactivated by "element birth™ option at the start of the respective weld bead or
when they come under the influence of welding torch. The material properties
of reactivated elements are reinstated at the time of their activation. The
schematic representation of this process is shown in Figure 7. (a) and (b).
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Typically, weld-deposition is carried out on a substrate rigidly clamped to a
machine table. In this simulations, the substrate and the deposition are the
deformable bodies using solid-70 3D element in ANSYS with the deposition
being modeled using element death-and-birth functionality mentioned above.
The clamped support to the substrate is enforced through 3D point to point
contact element viz., Contac52 in ANSYS (ANSYS 2015). An additional set
of coincident nodes are generated at the bottom of substrate to implement the

Same.
Weld Torch
; eactivated Elements
Deactivated Elements :
Torch Direction
Substrate
@)
Substrate
Axial line Weld deposition
4
\;//24 T 7 D TS
361A /A
i
LD -
Contac52 W
Elements
8"
°3B
5 >
(b)

Figure 7.4. Schematic representation of (a) Filler material deposition (b) Geometry of
weld and substrate analysed (Nodes 1, 2, 3, 1A, 2A, 3A, 1B, 2B & 3B used in pre-
processing).

7.3 Modeling of twin-wire weld-deposition
The primary aim of the present work is to simulate the metal deposition using finite
element method with specific application to AM using TWAM. The validity of the

model depends on accurate prediction of temperature in the combined fusion zone
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from the twin arcs. Among the superposition and the equivalent heat source models
discussed earlier, the superposition approach is implemented in the current study, with
the distance between the heat sources taken as 6 mm. The heat distribution obtained
from the superposition of two double ellipsoidal heat sources is illustrated in Figure
7.5 (a). Figure 7.5 (b) represents the temperature profile over the substrate and deposit

from the heat distribution is shown in Figure 7.5 (a).

Transverse to weld direction

Weld Direction (Position in mm)

(@) (b)

Figure 7.5. Twin-wire (a) heat density (b) temperature distribution at a given point.

The material of the filler wire and substrate plate used in experiments were ER70S-6
and C45 respectively, both belonging to the low-carbon steel family. The temperature
dependent material properties for comparable class of material have been presented
in Karlsson and Josefson (Karlsson and Josefson 1990; Hildenwall 1979; Sjostrom
1982). These set of material properties have been used in literature, like Abid et al for
instance, to predict residual stresses with ER70S-6 as the filler wire (Abid et al. 2005).
Hence, the same material properties have been adopted in the present study (see
Figure 7.6 (a) & Figure 7.6 (b))

At the beginning of the modelling, all the substrate and deposition elements are active.
The elements belonging to weld-deposition are then deactivated using EKILL
command. These dead elements are then gradually reactivated using EALIVE
command at the relevant time step. Double ellipsoid heat equation discussed above is
used to generate heat at the centroid of the each element which is activated. The time

for heat generation at each element is calculated as follows:
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Length of deposition LD
. _ Lengthof dep _ (7.10)
Torch Speed S

Where, t  Time of heat generation, min
LD Length of deposition, m

S Speed of the weld-deposition torch, m/min
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Figure 7.6. (a) Thermal material properties; (b) Structural material properties as a
function of temperature (Karlsson and Josefson 1990).
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Figure 7.7. Three types of patterns used in weld-deposition (a) Raster (b) Spiral-in (c)
Spiral-out.

The FEA modelling of the weld-deposition was done for different area-filling paths,

viz., raster, spiral-in and spiral-out area-filling are as shown in Figure 7.7 (a)-(c)
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respectively. The ANSY'S parametric design language (APDL) was used to develop a
subroutine for solving twin-wire weld-deposition problem for these different area-
filling patterns. Passively coupled thermo-mechanical analysis as illustrated in Figure
7.8 was performed. The effect of thermal analysis on structural deformations is
significant as compared to the heat distribution as a result of structural deformations.

Hence, one-way passive coupling as illustrated in Figure 7.8 is adequate.

For the prediction of residual stresses induced during deposition, initially thermal
analysis is carried out followed by the structural analysis. In thermal analysis, the
temperature distribution is obtained at various stages of deposition considering the heat
distribution from the moving heat source as the external source of loading. In the
structural analysis, there is no external loading. However, the temperature distribution

acts as body force and the only source of loading at each stage of deposition.
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Figure 7.8. Detailed sequentially coupled thermo-mechanical ANSYS analysis.
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The basic geometry of the model used comprises of a rigidly clamed rectangular
substrate plate of dimensions 160x160x10 mm. Based on earlier experiments, the
width and height of each weld-deposition pass was taken as 4.5mm, 1.8mm
respectively. Length of each pass is 80 mm and the speed of the weld-deposition torch
is 1.5m/min. A one-third overlap between each weld-deposition pass is considered
(Suryakumar et al. 2011). The FEA model consists of 90000 3D Solid-70 elements.
For saving computational time, the deposition area is fine meshed, while the rest of
the substrate is coarsely meshed, as shown in Figure 7.9. The double ellipsoid heat
source model discussed in the previous section (Eq. 7.6 & 7.7) is used for the analysis.
The elements of the depositing passes are deactivated initially before the solution
phase and activated gradually during the depositing process. The initial temperatures

of all nodes are set at the ambient temperature 300K.

Figure 7.9. 3D finite element mesh.

The convergence and stability criterion for heat equation (1) under time marching
scheme is ensured if the Courant number, C is less than 0.5, where C is defined as
(Kalnay 2003):

C = alAt/Ax?
Where, a = K /(C,p) Thermal diffusivity
K Conductivity (W/m-K)

Gy Specific heat at constant pressure (J/kg-K)

p Density (Kg/m®)
At Time increment (s)
Ax Minimum size of the mesh (m)
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In these simulations, Ax is 5 x 10®m. For a torch speed of 2.0m/min, the
corresponding At value will be 0.015s. Based on these and the material thermal
diffusivity (obtained from Figure 7.6 (a)), the Courant number, C will be 0.4758 which

satisfies the convergence and stability criteria as mentioned above.

7.4 Validation of FEA Model

To validate the FE analysis presented above, multi-pass weld-deposition was carried
on a C45 substrate plate with dimensions 160x160x10 mm and the residual stresses
generated in the same was compared with that obtained from simulations. The fixture
design for the same is shown in Figure 7.10. Design of fixture is important while
conducting experiments: if the specimen is allowed to cool down without end
constraints, the residual stress induced within the material will try to relieve in the
form of warping of the substrate plate. However, in FE analysis, residual stresses are
quantified rather than warping deformations. Hence, the clamped conditions in the
experiments are maintained till the residual stresses are measured in the completely

cooled condition, as explained in the subsequent part of this section.

The clamping of the substrate is done with the help of two center-cut square plates
encompassing the edges of the substrate as shown in the Figure 7.10 (a). The substrate
is sandwiched between these plates, along with heat insulation strips between them,
to constraint and insulate the substrate respectively (Figure 7.10 (b)). The following
are other considerations to be taken into account for the fixture design:

e Equal and uniform force should be exerted throughout the boundary of the plate.

e Proper clearance should be provided for the movement of the weld torch and for
the movement of the XRD probe for residual stress measurement.

e Deposited area of the substrate plate and its bottom surface should not be in
contact with any other material (i.e. heat loss is through convection & radiation
only)

e The fixture should be able to withstand the force exerted due to the induced

residual stress.
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The experiments were conducted on substrate as shown in Figure 7.10 (b). The weld-
deposition was carried out on an area of 80mm X 31.5mm at the center of the substrate
plate with a step-over increment of 3mm between the passes. The process parameters
used are listed in the Table 7.1 . Figure 7.11 (a) shows the fixture before deposition
and Figure 7.11 (b) and (c) shows the top and bottom view of the substrate after
deposition obtained using spiral-in pattern.

— B

5 PNk

@

(a) (b)

Figure 7.10. Fixture dimensions (a) two dimensional drawing (b) substrate fitted in fixture.

Table 7.1. Process Parameters used in experiments for validation.

Parameters Description

Current 112A

Inert gas 82% of Argon + 18% of CO,

Gap between two wires 6 mm

Gap between base to nozzle 16 mm

Filler material used Copper coated mild steel wire (ER70S-6)
Filler wire diameter 1.2 mm

Weld torch speed 1.5 m/min

Percentage of overlap 1/47d of the weld bead width (i.e. 1.5mm)
Gas flow rate 12 lit/min

()

Figure 7.11. Setup used for spiral-in deposition pattern (a) Before weld-deposition (b)
After weld-deposition: top view (c) After weld-deposition: bottom view.
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Residual stresses were measured using pro-XRD residual stress measuring instrument
(Proto Manufacturing and MP40P) shown in Figure 7.12. Residual stress was
measured on top and bottom of substrate along diagonal and axial directions
(represented by yellow and green lines respectively) as shown in Figure 7.13 (a)-(b).
To obtain only the stresses developed during the process, measurements were done
before and after the weld-deposition and the pre-weld stresses negated from the latter
values. The beta angles range for the XRD measurement were kept in the range of -
20° to 20°. Reading of residual stresses were taken at 8 points over each of the
measurement profiles. The results of these experiments vis-a-vis FE analysis are

presented in the subsequent section.

e -

_ Axial Dérection 3 2 b

(a) (b)

Figure 7.13. The profile for XRD measurements of residual stress (a) Top side (b) Bottom
side of substrate (axial direction: green line; diagonal direction: yellow line).
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7.5 Results and discussion

In this section, the results for AM weld-deposition with various area-filling patterns
from FE and experimental analysis are presented to gain insight into the role of fill
pattern in the residual stress evolution. These results can be subdivided into two

themes viz., thermal and structural as follows.

The temperature field distribution generated from the FE model for the weld-
deposition over the substrate using a twin-wire moving heat source at various
instances for raster, spiral-in and spiral-out are presented in Figure 7.14 (a)-(f). Even
though the heat distribution for the twin-wire heat source is common for all the
patterns, the activation sequence varies across different patterns. As a result, the
temperature contours are different at different instance of deposition (as shown in
Figure 7.14). However, the temperature profile at the end of final pass can be
compared amongst the various patterns as it depicts the end of deposition (refer Figure
7.14 (c), (f) & (i)). Amongst these three, raster path shows a clear offset of temperature
profile from the center of deposition, owing to the unidirectional propagation of the
weld-passes. At the beginning of deposition due to lack of preheat conditions, the
peak temperature increases rapidly from room temperature to around 800°C. Whereas,
at later passes due to the assistance from preheat, peak temperature attains up to
1260°C without significant variation. However, the transition to peak temperature is
a complex function dependent on pattern of deposition, conduction properties, time
and position of weld- deposition under consideration and etc.

To gain more insight into the preheating and heat conduction from the earlier
deposition, the time history of selected locations was analyzed subsequently. As
marked in Figure 7.4 (b) nodes (1, 2 & 3) represent three locations along the axial line
as shown in Figure 7.13. Nodes (1A, 2A, 3A) and (1B, 2B, 3B) correspond to the top
and bottom of the substrate exactly below (1, 2, 3). The nodal temperature history for
all the above 9 nodes are extracted. However, for brevity, the temperature history of

nodes 2, 2A & 2B for the spiral-in pattern is presented in Figure 7.15 (a) as an
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illustration. Figure 7.15 (b) plots the temperature mismatch between the deposition
and the substrate at top and bottom respectively. The full activation history can
provide a through insight into preheat. However, it is a heuristic task to obtain such a
complete history. Hence, the focus has been restricted to these 9 nodes.

First Pass Intermediate Pass Final Pass

Raster

(b) (©

Spiral-in

(d) (€) (f)

o
>
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I
300.834 555.181 809.529 1063.88 1318.22
428.008 682.355 936.703 1191.05 1445.4

Figure 7.14. Temperature distribution for various area-filling patterns, viz., raster (a)-(c);
spiral-in (d)-(f); spiral-out (g)-(i) at different instance of weld-deposition.

The temperature at node-2 is maintained at ambient temperature till it gets activated.
In the Figure 7.15 (b), representing the spiral-in pattern, the activation of node-2
happens at t=24s using element birth method (it also represents the end of deposition
in all the three patterns). Once the node is activated by the acting of the twin-wire heat
source, the temperature suddenly jumps to the fusion range. Subsequently, the
deposited nodes and elements in its vicinity stays active and follows the heat transfer
conditions. The temperature profile of the node-2A exhibits spiky fluctuations due to
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the heat addition from the surrounding depositions and subsequent heat dispersion and
dissipation due to conduction, convection and radiation. However, for the bottom
surface (node-2B), the curve is much smoother compared to the top surface (node-
2A) primarily due to remoteness from the fusion zone and secondly due to the

predominant conduction.
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Figure 7.15. Temperature profile of spiral in pattern (a) Nodal temperature history (2, 2A,
2B); (b) Mismatch temperature between the deposition and the substrate (top (A) and bottom
surface (B)).

Figure 7.15 (b) is a better representative to understand preheat before the activation
and heat losses thereafter as compared to Figure 7.15 (a). In Figure 7.15 (b), the time
at the peak represents the element activation time due to weld-deposition and the area
under the left-side of the peak represents exclusively the preheat and right-side
represents the heat losses thereafter. The area under the left-side of the curve is
obtained to calculate the average mismatch in temperature of the substrate from
deposition till the time of activation. This average mismatch temperature (hitherto
referred as thermal mismatch) is the first-order metric to quantify preheat. However,
different area-fill patterns leads to different activation times for the same node under
consideration. A secant-mismatch temperature rate (hitherto referred as secant-rate)

is also proposed to capture the lag as well as preheat gains and losses.
The temperature mismatch profile and the secant-mismatch temperature rate are

obtained for the three area-fill patterns, viz., raster, spiral-in, spiral-out at all the 9

nodes mentioned earlier. These two metrics provide a foundation to compare results
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across various area-fill patterns. Figure 7.16 (a)-(d) represents the average mismatch
temperature at the top, bottom and the secant-mismatch temperature rate at the top
and bottom surface of the substrate respectively. In the Figure 7.16 (a), the raster
pattern exhibits a monotonically decreasing trend with the activation time. There is
not much considerable decrease with the activation time and it stays constant around
100°C. However. In case of spiral patterns, there is drastic increase in the average
mismatch temperature with activation time. A low value of average mismatch
temperature implies that preheat provides temperature of the range of fusion range,
whereas, an increasing value implies considerably low substrate temperature from that
of the fusion range. Hence, in Figure 7.16 (a), the raster pattern maintains a constant
mismatch. The spiral patterns start with lower average mismatch at low activation
times and drastically raise with increasing activation times. They also have a greater
degree of variation across the activation times as compared to the raster. A similar
behavior may be observed in the bottom surface (Figure 7.16 (b)) only differentiated
by the reduced magnitude on account of comparatively high dispersion owing to the

predominant role of conduction.

The trends in secant-rate as a function of activation times, can be broadly classified
into the following three categories: A constant secant-rate implies a linear increase of
preheat; a falling secant-rate implies reduction in preheat due to predominance of
losses over heat gain as well as lag in the activation time; and vice versa. In Figure
7.16 (c), all the three patterns start with a high rate because of early activation.
However, the decrease with the activation time implies the huge preheat losses
resulting in mismatch between substrate temperatures at deposition from fusion range.
Similarly, in Figure 7.16 (d), a similar behavior is observed with a reduced magnitude
with the exception of spiral-out pattern which has a very low initial value. This may
be attributed to the early exposure to activation thus leaving little time for heat

transmission to the bottom of the substrate.
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Figure 7.16. Average mismatch temperature at the (a) top and (b) bottom of substrate;
Secant rate at the (c) top and (d) bottom of substrate.

Since the focus of simulations is on residual stresses, Von-Mises stress generated from
the FE model for the weld-deposition over the substrate using a twin-wire moving
heat source at various instances for raster, spiral-in and spiral-out and are presented
in Figure 7.18 (a)-(f). Similar to the temperature distribution discussed earlier in
Figure 7.14, the residual stresses at first and intermediate pass cannot be compared
across different area patterns. However, the residual stresses at final pass as shown in
Figure 7.18 (c), (f) & (i) can be compared as it represent an instance at the end of
weld-deposition. Amongst these three, raster path Figure 7.18 (c) shows a clear
concentration of residual stresses from the center of deposition, owing to the
unidirectional propagation of the weld-passes. In all the three patterns the regions of
high residual stress match with regions of high thermal gradations. In the structural
simulations the substrate and deposit are loaded due to variation in the temperature
distribution alone. Hence, it is evident that the temperature distribution plays a critical

role in the evolution of the residual stresses during weld-deposition.
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Figure 7.17. Residual stresses for various area-filling patterns, viz., raster (a)-(c); spiral-
in (d)-(f); spiral-out (g)-(i) at different instance of weld-deposition.

Further, to gain more insight into evolution of residual stress during different thermal
loading phases such as preheating from the earlier deposition and heat conduction
after activation, the time history of residual stresses at 9 selected locations (nodes
shown in Figure 7.4 (b)) was analyzed subsequently. As discussed earlier, nodes (1, 2
& 3) represent three locations along the axial line, and the nodes (1A, 2A, & 3A) and
(1B, 2B, & 3B) correspond to the top and bottom of the substrate exactly below (1, 2,
& 3) respectively. For illustration purposes the residual stress history at nodes (2, 2A,
& 2B) are presented for raster, spiral-in and spiral-out patterns in the Figure 7.18 (a-
c) respectively. The temperature of the bottom surface are relatively cooler than the
top of substrate surface as they are away from the fusion zone. The maximum
temperature on the bottom side is of the order of 600-700K, while the top surface is
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of the order of fusion range. Thus, the top surface is 3 times less stiff than the bottom
surface (see Figure 7.6 (b)). With the end constrains to the components, the residual
stress developed in the top of the substrate are less than the bottom, till deposition
process is complete. As can be inferred from Figure 7.18 (a-c), at the later stages, i.e.
during the cooling cycle, the bottom surface relaxes quickly as compared to the top
surface. Consequence of which, there is change over in the order of residual stress on

top and bottom of substrate.
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Figure 7.18. Residual stress history at Nodes (2, 2A, & 2B) for (a) Raster; (b) Spiral-in
and (c) Spiral-out patterns.
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The changeover of residual stresses of top and bottom of substrate is very significant
in the raster pattern (see Figure 7.18 (a)), and intermediate in spiral-out pattern (see
Figure 7.18 (c)). However, in the spiral-in pattern the top and bottom surfaces attains
similar residual stresses (see Figure 7.18 (b)), but are substantially higher in value
compared to that of raster pattern. Figure 7.19 (a)-(c) represents the bar charts of the

residual stresses in the deposition at top and bottom of substrate at 9 selected locations
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as discussed previously, for the raster, spiral-in and spiral-out pattern respectively.
There is no significant difference in the residual stresses observed in the deposit and
the top of the substrate at the end of cooling in all the three patterns (see Figure 7.19
(a-b)). However, at the bottom of the substrate the raster pattern exhibits very low
residual stress over the two spiral patterns, as show in Figure 7.19 (c). Hence, the
raster pattern stands out amongst other patterns in relaxing the residual stresses
developed during the weld-deposition. In the rest, the spiral-in is less significant

compared to spiral-out pattern in relaxing the residual stresses.
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Figure 7.19. Residual stress at the end of cooling cycles at selected nodes on (a) The
deposition (b) Top of Substrate (c) Bottom of substrate.

Residual stress with varying patterns is a complex problem as discussed earlier, the
nodal residual stress evolution at selected nodes does not completely provide the
variation in residual stress. Hence, the rest of this section, presents the distribution of
residual stress over the two different profiles and their experimental validation.
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Figure 7.20. Residual stress from FEA model and experimental on top of substrate along
diagonally(linel) and axially(line 2) for the raster (a)-(b); spiral-in (c)-(d); Spiral-out (e)-(f);
patterns.

The residual stress values of the weld-deposited parts were obtained both from the FE

simulations and experiments along two profile, viz., diagonally (line 1), axially (line
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2) on top of substrate and bottom of the substrate (diagonally - line 3; axially- line 4)
for all the three area patterns and are illustrated in the Figure 7.20 (a-f) & Figure 7.21

(a-f) respectively.

Figure 7.20 (a)-(b) illustrates the residual stress for raster pattern along the diagonal
and axial on the top of the substrate, similarly Figure 7.20 (c)-(d) and Figure 7.20 (e)-
() represents for the spiral-in and spiral-out patterns respectively. It is observed that
in both diagonal and axial directions, the residual stress is lowest for the raster pattern,
followed by the spiral-in and spiral-out. Although the total amount of heat input is
same in all the three cases, the lower residual stress in raster case is due to lower
mismatch temperature and secant-rates (see Figure 7.16) and subsequently quick
relaxations (see Figure 7.19 (c)). This owes to the fact that amongst the three, the
raster has minimal difference in the thermal mismatch pattern as the weld-deposition

progresses.

Whereas, in the spiral paths, as a result of the circumferential nature of the path, the
time lag between successive adjacent passes is continuously changing. Amongst the
spiral-in and spiral-out patterns, the residual stresses are high in spiral-in because all
the heat is accumulated inward as the weld progresses, whereas in spiral-out it is
dispersed outward. This can be observed from the limited nodal histories plotted in
the Figure 7.16 that the higher mismatch temperature are seen near the end of
deposition in spiral-in pattern as compared to the spiral-out. Similar trend is observed
in the residual stress distribution along the diagonal and axial directions on the bottom
of the substrate (see Figure 7.21). However, the residual stresses on the bottom is less
than the top of the substrate. The lower residual stresses are attributed to the lower

mismatch temperature and secant-rate as shown in Figure 7.16.

In the Figure 7.20 & Figure 7.21, the black line represents the results obtained from
the FE simulation, while the red dots are the corresponding data point obtained from
XRD-experiments. On comparing the residual stresses from FE simulations and
experiments it can be noted that the experimental values correlate with those from FE

simulations only to the order and trend and not in accuracy of each point.
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Figure 7.21. Comparison between FEA model and experimental residual stress on
bottom of the substrate plate axially and diagonally raster (a) —(b) spiral-in (c)-(d) spiral-
out (e)-(f).

The main assumption in the current simulations as discussed earlier is that the residual

stresses are majorly from the mismatch in the elastic properties due to thermal
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gradation during the process of weld-deposition. Authors of this paper recommend
that to capture the accurate values of the residual stresses, one has to perform a
complete elasto-plastic analysis. However, as the focus of the current work is to
understand the role of complex area-fill patterns on the residual stress evolution,
rather than prediction of the residual stresses in itself, the work is restricted to elastic
analysis. This also helps in maintaining the brevity by avoiding the convergence
issues due to non-linarites in elasto-thermo-plastic analysis. This stands justified
based on Figure 7.20 & Figure 7.21, where observed residual stresses are
predominantly from the elastic part and the contributions from the plasticity is
secondary in nature. These results presented from the elastic analysis itself give
valuable insights into the evolution of residual stress from various area-fill patterns in
AM.

7.6 Summary

A 3D finite element model was implemented to predict the residual stresses associated
with multi-bead deposition of TWAM for different area-filling patterns viz., raster,
spiral-in and spiral-out. Passively coupled thermo-mechanical FE analysis was carried
out using ANSYS Mechanical APDL to obtain the temperature distributions and
residual stresses on the deposit and the substrate. Residual stresses measured using X-
ray diffraction were compared with those from the FE simulations. The key

observation are as follows:

1. Temperature distribution plays a critical role in the evolution of the residual
stresses during weld-deposition.
2. Temperature difference history between the deposit and top & bottom of
substrate is obtained. Using this history two metrics were constructed:
a. Average thermal mismatch: to measure the net preheat
b. Secant-rate: to measure the lag and preheat gains/losses.
3. Amongst the three area-fill patterns, raster exhibited low thermal-mismatch
and secant-rate owing to the unidirectional propagation of the weld-passes.
4. In all the area-fill patterns, temperature at the bottom of substrate is relatively

lower that the top. This correlates with the low thermal mismatch and secant-
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rate findings at the bottom of the substrate, as compared to top. They also
exhibits faster cooling due to predominance of conduction.

5. Residual stresses from experiments are of the same order as those obtained
from elastic-FE simulations, however, with a low accuracy of the prediction.
Hence, these cannot be directly used for investigating the residual stresses
developed. Nevertheless, for comparing the various area-fill patterns, these
simulations can provide preliminary insights.

6. The residual stress developed at the top of the substrate are consistently lower
than the bottom during the process of deposition for all the three patterns.
However, after the completion of deposition a significant changeover in the
order of residual stresses is observed.

7. Amongst the spiral-in and spiral-out patterns, the thermal-mismatch and
residual stresses are high in spiral-in because the heat is accumulated inward
as the weld progresses, whereas in spiral-out it is dispersed outward.

8. Raster pattern exhibited low residual stresses as compared to spiral patterns,
owing to the lower thermal-mismatch and secant-rates. Hence, amongst the
three area-fill patterns discussed, raster pattern stands out clearly and is

recommended for TWAM applications.

As the analysis is carried out based on the heat distribution model, it fairly holds good
for both the scenarios of similar and dissimilar filler wires being used in the process.
The model is also capable of predicting the temperature gradient and thermally
induced stress distribution resulting from weld-deposition. This can be useful in the
selection of appropriate area-filling pattern for a given geometry ensuring lowest
thermal stresses. The accuracy of the model can be further improved by adopting
thermo-elasto-plastic structural analysis. Since, this will increase the computational
time immensely, numerical approaches to the simplification of the FEA model may

also have to be developed. This will also help in faster analysis for multiple layers.
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Chapter 8

Conclusion and Future Scope

8.1 Conclusion

The driving force underlying this research is the opportunity that exists to design
Twin-wire welding based additive manufacturing (TWAM) system for manufacturing
of gradient objects, which tackle the need of various industrial applications. As such,
the principle goal in this thesis is to design, manufacture, characterize and analyze a
twin-wire weld-deposition process that provides a designer with the ability to specify
the range of parameters, material gradient, morphology, structural and thermal

properties for the product.

A detailed literature survey on the metallic AM processes has been presented.
Amongst the laser, electron beam and arc based techniques for metallic AM, arc based
processes have lower accuracy, but offer higher deposition rates along with low
capital and operating costs. In the various AM processes for the manufacture of FGMs
viz., laminated manufacturing, powder-bed and deposition techniques, localized and
controlled material addition is possible only in the case of deposition techniques,
making it ideally suited for fabrication of FGMs. Hence, the current work builds upon

arc based deposition processes for realization of FGMs.

The above objective is achieved in the current work with the help of unique Twin-
wire Welding based Additive Manufacturing (TWAM). A twin-wire setup comprising
of two filler wires converging into a single torch has been used for the same. The use
of dissimilar wires makes it possible to have a controlled weld-deposition of
combination with varying material proportions. This weld-deposition torch is
mounted on a robot interpolator for position control. The working principle of twin-
wire weld-deposition process along with the individual attachments viz. welding
torch, wire feeder and power source have been described. The robot programming
syntax and methodology for simple movements and also for single and multi-bead

deposition has also been described.
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The experimental setup and its operational procedures provides the basis for the study
of process parameters effecting the TWAM process. Two filler wires viz., ER70S-6
and ER110S-G, the former having lower hardness than the latter, were used for the
experimentation. The operating range of the process parameters viz., current and torch
speed for the three possible combinations of the filler wires have been determined and
the feasible working region obtained from the same. Subsequently, the suitability of
a parabolic profile model of the weld bead cross section has been studied and
established. From this, it follows that the optimal step-over increment being two-third
of the weld bead width. A second degree regression model for predicting weld bead

width and height as a function of wire speed and torch speed was also obtained.

Criterion for adopting the twin-wire process from joining to metal deposition/cladding
applications has also been studied. Although in dissimilar twin-wire welding, the
leading and trailing may be different for forward and backward torch direction, it was
found that the torch direction does not have any effect on the hardness of the weld-
dead deposited. The number of overlap beads is observed to have an effect on the
hardness with single beads having higher hardness than overlapping multiple beads.
This is due to another phase of heating and partial-re-melting taking place when the
next weld-deposition pass is made. Hardness variation in cross-section of weld bead
along was measured. It was observed that there is variation in hardness between base
plate and weld bead. However, there is less variation is occurred within the weld bead.
Hence, hardness variation within bead is neglected. These preliminary studies on
primary process parameters and secondary operating conditions will provide the basis

for realising a gradient material matrix.

Subsequently, various experiments carried out to identify the suitable process
parameters at a given location for a desired variation of hardness have been presented.
These facilitate the fabrication of an actual FGM. It is found that the individual
melting rate of the filler wires does not affect the hardness of the weld bead and it is
only a function of the ratio of the amount of material of each deposited (and the wire
speed).
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Four types of sample parts were fabricated to demonstrate the concept of realizing
FGMs through TWAM: (1) gradient in step-over direction: requires change in weld-
deposition parameters across weld beads (2) gradient in weld-deposition direction:
requires modification of process parameters for different sub-sections (3) gradient in
both the X-Y directions: requires change in both 1&2 (4) gradient in X, Y and Z
directions: demands variation to be carried across layers in addition to the earlier. The
fabricated parts showed good match with the desired hardness values for a given
location. Furthermore, to demonstrate the possible applications of TWAM, two

illustrative examples were also fabricated.

Once the methodology for fabrication of FGMs has been established, characterization
of objects fabricated through TWAM have been undertaken. Specimen made with five
different combinations of filler wires (100%, 75%, 50%, 25%, 0% of filler wire
ER70S-6 and vice versa of filler wire ER110S-G) were used for the analysis. These
specimen were examined further by subjecting them to micro hardness,
microstructural, X-Ray Fluorescence (XRF), Energy Dispersive X-ray analysis
(EDAX) and X-Ray diffraction (XRD) analysis. In all these experiments, the
properties were observed to be proportionate to the ratio of the respective filler wire
ratios. This also correlates with the finding the earlier chapter where the hardness of
the resultant weld bead assumed to be in the volumetric ratio of the filler wires used.
This reinforces the hypothesis that the properties of the weld-deposited parts can be

controlled in a localized manner by controlling the proportion of the filler wires.

Further on, the width of the transition region while switching over from one set of
parameters to another was also investigated. This will help in assessing the best
possible resolution of the gradient matrix possible. It was found that a minimum 8-
11mm transition gap will can be encountered while moving from one

parameter/functional value in the gradient matrix to another.

Modelling of the welding process is felt necessary to understand the evolution of the
material properties and to better control the thermal and structural characteristics like
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residual stresses resulting from the process. A 3D finite element model was
implemented to predict the residual stresses associated with multi-bead deposition of
TWAM for different area-filling patterns viz., raster, spiral-in and spiral-out.
Passively coupled thermo-mechanical FE analysis was carried out using ANSYS
Mechanical APDL to obtain the temperature distributions and residual stresses on the
deposit and the substrate. Residual stresses measured using X-ray diffraction were
compared with those from the FE simulations. Residual stresses from experiments are of
the same order as those obtained from elastic-FE simulations, however, with a low accuracy
of the prediction. Hence, these cannot be directly used for investigating the residual stresses
developed. Nevertheless, for comparing the various area-fill patterns, these simulations can

provide preliminary insights.

Amongst the spiral-in and spiral-out patterns, the residual stresses are high in spiral-
in because the heat is accumulated inward as the weld progresses, whereas in spiral-
out it is dispersed outward. Raster pattern exhibited low residual stresses as compared
to spiral patterns, owing to the lower thermal-mismatch. Hence, amongst the three
area-fill patterns discussed, raster pattern stands out clearly and is recommended for
TWAM applications.

8.2 Significant Contributions

The following are some of the significant contributions emanating from the research:

e Setup of the TWAM process.

e Basic studies on the suitable set of filler materials and their operating range (in
terms of wire and torch speeds).

e Study on effect of deposition alternatives like number of pre-heating passes, bead
overlap, torch direction, vertical variation along cross section etc. on hardness.

e Predictive regression models for weld bead geometry and hardness.

e Experimental validation of the model along with their extension for gradient
objects.

e Demonstration of the process by manufacture of 1D, 2D and 3D gradient objects.

e Characterization of the process through comparison of micro-hardness, XRD,

XRF, microscopy data of five different combinations.
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e Finite Element Modelling of twin-wire deposition process.
e Validation of the model by comparison of residual stresses for three area-filling

paths.

8.3 Future scope

In the present work, the parameter study employs ER 70S-6 and ER110S-G
combination as the filler wires. This makes a hardness range of approximately 200HV
to 300HV possible. Examination of a wider set of filler wires could broaden this
hardness range and thus the applications too. Relation to other mechanical properties

like strength / toughness / wear can be explored.

The present work uses a pixelated form of gradient structure with a corresponding
process parameters for each pixel to fabricate gradient objects. Future work on the can
cover improving the resolution of the same, so that more gradual gradient can also be
achieved. A deeper characterization analysis will also help in the same by throwing
more light on the process physics.

Thermal management and residual stresses developed as a result of it are another
concern in weld-deposited parts. Finite element modelling of the process to predict
the residual stresses developed in the object will help in identification of optimize the
parameters. The accuracy of the model can be further improved by adopting thermo-
elasto-plastic structural analysis. Since, this will increase the computational time
immensely, numerical approaches to the simplification of the FEA model may also
have to be developed. This will also help in faster analysis for multiple layers.
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