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Abstract

Rapid tooling is a fast way of producing machine tools using additive manufacturing
techniques. The technique involves direct printing of tool profiles or making the mould using a
master pattern or 3-dimension printing techniques and casting the tool. However, the gap must be
filled to make it industry ready. Additive manufacturing now and then is an essential aspect of rapid
tooling. The different techniques can accomplish the next level of making tools with complex
features. The current work focuses on integrating additive manufacturing techniques for
manufacturing electric discharge machining electrodes. The work is divided into various stages.
The first stage describes the use of fused deposition modelling for printing the low melting point
alloy. Fused deposition modelling has gained popularity because it can produce complex and
customized profiles relatively cheaply and in shorter periods. The researchers employed various tin,
bismuth, and other alloy combinations to get the desired results. However, when compared to
polymers, the results are unsatisfactory. Furthermore, researchers have not investigated the
feasibility of employing the low melting point alloy created by fused deposition modelling as an
electric discharge machining electrodes after electro plating. The cause could be that the desired
electrode characteristics are not achieved when low melting point alloy is employed in fused
deposition modelling. Thus, the first stage of work aims to further extend the use of fused deposition
modelling printers for 3-dimension printing of low melting point alloy, which has applications in

the electronics industry, rapid tooling, biomedical, etc.

Solder is the low melting point alloy with an alloy's melting temperature (around 200°C)
lower than the parent metals. The most common composition of the solder, which is widely used,
is tin and lead. However, lead is a hazardous material that has environmental and health

deteriorating effects. Therefore, lead-free Sn89Bi10Cu non-eutectic alloy in the form of filament
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was used. The step-by-step method has been used to identify the process window for temperature,
print speed, filament length and layer height. The existing fused deposition modelling printer was
customized for the present work. Infrared images are analyzed to understand discontinuity at a
certain range of process parameters. The effect of printing parameters on the layers inter-bonding,
width and thickness has also been studied. The microstructure of the parent material and deposited
bead have been observed. Conclusions were drawn out based on the results, and the scope for the
future has been pointed out. The experiments resulted in the process window identification of print
speed, extrusion temperature, filament length and layer height of Sn89Bi10Cu, which was not done
previously. However, profiles developed through fused deposition modelling cannot be used as an

electric discharge machining electrode due to the presence of various defects.

The second stage is derived due to the inability to use the profile developed through FDM
as an electric discharge machining electrode, as described above. This stage consists of using rapid
or 3-dimensional casting of low melting point alloy. 3-dimensional casting means using additive
manufacturing techniques for printing the mould for casting the pattern. The printed mould,
however, should be checked for its dimensional accuracy. 3-dimensional scanning can be used for
the same. The current work combines the different additive manufacturing techniques for 3-
dimensional casting with 3-dimensional scanning to produce the parts with close tolerance for
application in rapid tooling. The four processes, namely Stereolithography, Selective Laser
Sintering, Fused Deposition Modelling, and Vacuum Casting, are used to produce the casting
mould. The mould is designed in two halves which are assembled to form a complete mould. The
mould is 3-dimensional scanned in two stages: before and after using it as a casting mould. The
mould's average and maximum dimensional deviation are calculated using 3-dimensional scanned

results. The eutectic Sn-Bi alloy is molten stage is poured inside the mould. The cast pattern is



removed from the mould after solidification. The surface roughness of the mould and the cast
pattern are measured. The cast pattern is selected from the four processes in terms of repeatability,
dimensional accuracy, and surface finish. The electroplating setup is developed, optimal parameters
are identified for plating copper on a casting pattern, and thickness is noted with time. So, in a
nutshell, the cast low melting point alloy microstructure and copper are analyzed using a Scanning
electron microscope. Energy dispersive spectroscopy and X-ray diffraction techniques are used to
analyze the composition of the cast and electroplated alloy. The eutectic composition of Sn-Bi is
cast in the 3-dimensional printed mould using different additive manufacturing techniques
combined with 3-dimensional scanning quality to check its feasibility as an electric discharge
machining electrode, which is a novel work and has not been done previously.

The next stage is the testing of the developed electrode in electric discharge machining. The
plated sample is used as an electrical discharge machining electrode for machining the mild steel.
This is an entirely new tool material; therefore, mild steel is selected as a workpiece due to its
excellent machinability. The variation in pulse on time, pulse current and gap voltage is done in
electrical discharge machining, and tool wear, material removal rate and surface roughness are
measured. The Taguchi optimization is carried out. The rapid cast tool performance is compared
with the solid copper rod. After analyzing the results, valuable insights are drawn out, and the
mechanism is explained. The current work can be successfully employed for rapid tooling
applications.

Keywords: Rapid tooling, Fused deposition modelling, Low melting point alloy, Selective laser

sintering, Stereolithography, Vacuum casting, Electroplating, Electric discharge machining,

electrodes.
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Chapter 1: Introduction

1.1. Overview

Rapid manufacturing is a novel method of operation that can significantly boost the
competitiveness of organizations that use it. Rapid prototyping (RP) and rapid tooling (RT) are
the primary enabling technologies of rapid manufacturing [1]. RP is a method that uses
computer-aided design (CAD) data to fabricate small batches of parts, working prototypes
quickly, and physical models. RT usually refers to the RP-based mould and tooling insert
production process. RP and RT are technologies that increase competitiveness because they
shorten the time it takes for products to reach the market [2]. Rapid prototyping involves using
additive and subtractive manufacturing techniques to create the prototypes. RP technology
makes it possible to produce functional components in addition to models and prototypes for
visual purposes. A wide range of materials, including plastics, composites, metals, etc., are used
in RP. Rapid prototyping eliminates the need for time-consuming and expensive traditional
prototyping methods [3]. It speeds up product development by allowing design defects to be
identified and addressed early in the process. Rapid prototyping is widely used for concept
validation and design verification in aerospace, automotive, consumer electronics, and

healthcare.

On the other hand, RT is focused on the quick production of mould, dies or tooling
required for manufacturing the product. Rapid tooling technologies include 3D printing of
tooling inserts, soft tooling (using materials such as silicone or epoxy), and hybrid systems that
combine traditional machining with additive manufacturing. RT uses materials depending on
the specific requirement, such as metal for durable tooling, plastics for short-run tooling,
composites, etc. [4]. Rapid tooling minimizes lead times, tooling costs, and the time it takes to
set up manufacturing operations. It enables a faster response to design modifications and
market demands, making it appropriate for low to medium production volumes. Rapid tooling
has applications in sectors such as injection moulding, die casting, sheet metal forming, and
others, where mould and tooling manufacture are vital to manufacturing. So, in a nutshell, RP

and RT play a crucial role in achieving the objectives of rapid and smart manufacturing.

Figure 1.1 shows the integrated production systems based on RP and RT. This system
comprises four segments: virtual, digital, physical prototype and rapid tooling. The mould
development process begins with constructing a 3D CAD model with a CAD software program

[5]. The product geometry is determined at that point, and its aesthetic and dimensional
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properties are validated. The primary purpose of a digital prototype is to undertake 3D CAD
modelling. The CAD model is viewed as a fundamental component of the entire system or
project information base, which means that the same data is used in all design, analysis, and

production operations[6].
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The mould and its components are directly designed using a 3D CAD system (e.g.,
Solidworks, Fusion 360, etc.) during the creative design. If a physical part is available, the
model can be built using the reverse engineering (RE) technique. RE is a process for making
CAD models of physical parts by digitizing an existing part, creating a digital model, and then
manufacturing components from it [7]. When redesigns are required to increase product quality,
RE can shorten the development time. Pre-existing features with increased performance
attributes can be easily included in the desired part design. As a result, it is highly useful in
creating a CAD model of an existing part when the engineering design has been lost or has
been subjected to several design revisions. When a designer creates a new design using a mock-
up, the mock-up's CAD model must also be created in order to leverage the design data in
analysis and manufacturing. The three fundamental steps in the RE process are part digitization,
feature extraction, and CAD modelling. Feature extraction is often achieved by segmenting the
digitized data and extracting surface features like edges. Fitting a variety of surfaces to
segmented data points results in part modelling [8]. There are various commercial ways for
digitising parts available. Coordinate measurement machines (CMMs), laser scanners, and
ultrasonic digitisers are examples of systems. They are divided into two categories: contact and
noncontact. Noncontact devices include laser triangulation scanners (LTS), magnetic resonance
imaging (MRI), and computer tomography (CT). Contact digitizers are mostly used for cross-

sectional imaging measurement (CIM) and Coordinate measurement machines.

To enhance the efficiency of design-prototype testing cycles and improve the moulding
process and manufacturing dependability. It is imperative to employ the technique of virtual
prototyping (VP) to optimize mould design and manufacturing processes. Virtual prototyping
(VP) uses a three-dimensional computer-aided design (CAD) model instead of a tangible
prototype to assess and analyze particular product attributes or manufacturing procedure
attributes[9]. Implementing CAE and virtual manufacturing systems is frequently employed
for this purpose. Computer-assisted engineering (CAE) analysis plays a crucial role in time-
compression technologies. Several software tools, such as ANSYS, AUTOFORM, etc. can
enhance the efficiency of new product development by enabling design optimization before
creating physical prototypes[10]. The CAD model can be exported to a CAE environment to
analyze the mould's functional performance and the manufacturing processes involved in tool
production. Computer-aided engineering (CAE) is particularly advantageous in estimating the
filling pattern, pressure and temperature distribution, as well as the simulation of the

interrelated phenomena of fluid flow and heat transfer throughout the mould-filling



process[11]. Furthermore, it has been demonstrated to possess significant utility in optimizing
component geometry design, determining mould cavity and core dimensions, and managing
warpage and shrinkage. This is achieved by simultaneously minimizing process-induced

residual stresses and deformations|[12].

Virtual manufacturing systems (VM) can be considered as the logical progression of
computer-aided engineering (CAE). The simulation of product functionality and production
processes is conducted prior to the fabrication of actual prototypes. Virtual manufacturing
(VM) allows designers to visually represent and enhance a real-time (RT) process by
manipulating a predefined set of process parameters. Utilizing virtual simulations to visualize
a component before its actual production aids in minimizing the need for unnecessary iterations
of prototypes. Hence, implementing a virtual manufacturing system can lead to a precise
identification of process parameters and a decrease in the need for expensive physical prototype
iterations[4]. The utilization of 3D CAD models and virtual prototyping (VP) enables the early
detection of most issues related to misfitting during the die creation phase. The detection of
assembly interference can be achieved by exercising virtual prototypes (VPs) across various
tasks. Using computer-aided engineering (CAE) tools enables the execution of both structured
and thermal analysis on a single model. The simulation of subsequent manufacturing processes
can also be employed for this purpose. The evidence suggests that the implementation of VP
positively impacts both the reliability of operations and the reliability of products. While the
primary purpose of VP is to ensure the rejection or modification of unsuitable designs, there
are instances where a visual and physical assessment of the actual component is necessary. The
production of a physical prototype is frequently essential for this purpose. Therefore, upon
completion of the virtual prototype (VP), it is common practice to proceed with the direct

transmission of the model to the physical production process.

Rapid prototyping (RP) technology or high-speed machining (HSM) can convert the
CAD model into a physical prototype. Usually, the physical prototype serves as a model for
creating real-time systems. The STL format, which is widely regarded as the industry standard
for bridging CAD and rapid prototyping (RP) systems, as well as the numerical control (NC)
coding for high-speed machining (HSM), are both intended for export from the 3D computer-
aided design (CAD) model. Rapid Tooling (RT) applications can quickly and effectively create
plaster or wooden templates using the High-Speed Machining (HSM) technology. An emerging
manufacturing method called rapid prototyping (RP) uses digital instructions drawn from

three-dimensional computer-aided design (CAD) models to build actual components in a
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sequential manner. With this method, physical objects can be produced quickly and in a lot less
time. Many rapid prototyping (RP) systems often use additive manufacturing procedures to
build components instead of subtractive methods involving material removal, in contrast to
traditional machining techniques. Hence, this particular form of manufacture is not restricted
by the constraints commonly associated with traditional machining methods[13]. The
utilization of RP in the design and production process has the potential to yield significant
advantages. It has the potential to expedite the time-to-market, enhance the quality, and
decrease the cost. This might be seen as a significant advancement in recent technological
advancements within the manufacturing sector. Over the past two decades, RP machines have
been extensively utilized across many industries. There are several commercially accessible
methods for rapid prototyping (RP), such as fused deposition manufacturing (FDM),
stereolithography (SLA), selective laser sintering (SLS), ballistic particle manufacturing
(BMP), laminated object manufacturing (LOM), and three-dimensional printing (3D printing),

among others[14].

After the acceptance of the design, the implementation of the manufacturing line
becomes a significant undertaking that requires a substantial amount of time before any product
can be introduced to the market. The creation of intricate tooling is typically a crucial step in a
project's timeline and significantly impacts the time-to-market. The novel technology of Rapid
Transformation (RT) has been developed to minimize both the time and cost associated with
product creation. Rapid Tooling (RT) is a method utilized to convert Rapid Prototyping (RP)
designs into functioning components, focusing on producing metal and plastic parts. Moreover,
the incorporation of both resource planning (RP) and real-time (RT) systems in the
development strategy facilitates the adoption of circular economy (CE) practices inside
firms[15]. Several methods have been devised for the production of dies using rapid
prototyping systems|[2], [4]. The methods used in rapid tooling (RT) can be categorized into
two main divisions: direct and indirect. Additionally, both groupings can be subdivided into
soft and hard tooling subcategories. Indirect rapid tooling (RT) necessitates the utilization of
certain master patterns, which can be produced by conventional techniques like high-speed
machining (HSM) or, more frequently, through a rapid prototyping (RP) process like as
stereolithography (SLA) or selective laser sintering (SLS). The manufacturing process known
as Direct RT involves the creation of a tool cavity directly on a Rapid Prototyping (RP) system.
This eliminates the need for an intermediate pattern development step[16]. Soft tooling can be

acquired by reproduction from a pre-existing master or positive pattern. Soft tooling is



commonly linked with reduced expenses and is utilized for manufacturing processes with low
production volumes. It involves the use of materials that possess low levels of hardness, such
as silicones, epoxies, and low melting point alloys [17]. Soft tooling such as RTV silicone,
rubber moulds, epoxy moulds, and metal spraying moulds are commonly utilized in many
applications. The utilization of hard tooling is commonly linked to increased production
volumes and the utilization of materials with higher levels of hardness. The Keltool process[4],
the Quickcast method[18], and the Express Tool process[4] are examples of hard tooling. The
prospective application of electrical discharge machining (EDM) in research and technology is
intriguing. Several methods for fabricating EDM electrodes using rapid prototyping (RP)
techniques have been developed, including abrading[19], copper electroforming[17], and net-
shape casting[4]. The further introduction will now be on additive manufacturing, rapid tooling

and EDM concerning the current study.

1.2. Additive Manufacturing techniques used in the current study

The concept of additive manufacturing or 3D printing technology dates back to the 1980s
when the third industrial revolution began. According to the literature, Dr. Hideo Kodama of
Nagoya, Japan, was among the first to seek a patent in rapid prototyping in the 1980s [20].
However, he never followed through on his patent, and it eventually expired. Stereolithography
(SLA) technology was invented in 1983. Charles Hull (California, USA) received the first 3D
printing patent [21] in 1986 for designing the SLA machine [22], and he later created 3D
systems firms in 1988. In the same year, the company invented the commercial SLA printer,
known as the SLA1, which is utilized for 3D printing parts in layers by curing photopolymer

resin.

Carl Deckard received another patent[23] in 1989 for a novel 3D printing technique
called selective laser sintering (SLS) someplace in Texas, USA. Rather than liquid resin, the
method uses a laser power source to fuse powder. Fused deposition modelling (FDM) is a new
3D printing technology that Scott Crump and his wife, Lisa Crump, invented and filed a patent
for in the same year. FDM uses heated nozzle extrusion to deposit material on a bed layer by
layer to create a desired 3D profile. The technique was used commercially in 1990 [24], and
the patent was granted in 1992[25]. Two more 3D printing technologies, laminated item
fabrication and solid ground curing, were commercialized in 1991. In 1997, AeroMet, a maker
of aeroplane parts, developed the first 3D printing method known as direct energy deposition,

which uses a laser light source to fuse powdered titanium and its alloys. More information on



the history of other additive manufacturing techniques is available in the Wohlers Report 2014
[20]. According to the ASTM classification (ISO/ASTM standard 52900:2015), there are seven

AM methods, as shown in Figure 1.2. Most employ polymer in powdered or filament form as

a raw material.

Figure 1.2: Classification of AM
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FDM, SLS and SLA shown in the figure are the methods utilized in the current study.

Table 1.1 provides specific classification, material, and process details for each of the seven

AM processes. The further introduction will be on the AM techniques, which include FDM,

SLS and SLA.
Table 1.1: AM technologies details
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1.2.1. Fused Deposition Modelling (FDM)

Fused deposition modelling (FDM) comes under the category of material extrusion
technology of AM. As shown in Figure 1.3, the FDM printer comprises a filament spool, an
extruder head assembly, and a base or platform on which the material is placed [46]. The
extruder head assembly also includes a liquefier, a heat block with a temperature sensor, a
heating element, and a nozzle. The heat break, a tiny cylindrical element with threads on both
sides, connects the liquefier or heat sink to the heater block. A separate heating element and
temperature sensor are connected to the bed to maintain the proper temperature during
deposition. Three stepper motors are employed, one for each of the X, Y, and Z axes and one
for extruding filament. The bed generally travels in the Z direction, whereas the extrusion head
assembly moves in the X-Y direction. The stepper motor used for extruding filament can be in-
house with the extruder head (direct type) or at a distance and mounted to the printer's body

(bourdon type). The material filament is introduced into the extruder assembly by the force




exerted by the stepper motor rollers, heated to a semisolid stage in the liquefier, and deposited
in the heated bed via the nozzle[47]. The filament above the extruder assembly functions as a
piston for the heated component inside the liquefier, forcing it out of the nozzle. The deposit
quality is heavily influenced by input parameter choices such as printing speed, bead height,
raster/part orientation, and bead angle. The optimization of process parameters has a significant
impact on mechanical qualities and physical appearance, resulting in improved performance of

FDM products.
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Figure 1.3: FDM process [48]

The various steps involved in the FDM process are shown in Figure 1.4, which is like
other additive manufacturing processes. The first step is the CAD model design in software
like Solid Works, creo, fusion 360, etc. The next step to save that file in STL (Standard Triangle
Language) format is simply converting the CAD model into several triangles. The STL file is
then imported to slicing software like CURA, 3D slicer, etc., in which various input printing
parameters like layer height, infill density, temperature, print speed, etc. value can be set
accordingly, and then the file is sliced in the form of layers [49]. The sliced file information is
extracted as GM codes fed into the FDM machine, and the required geometry can be 3D

printed. Postprocessing can be done in the form of machining, dipping in solution, etc., for



removing support structures or eliminating minor defects once the printing is completed. The
advantages of FDM are its low cost, reduced time for production [50] and wide acceptance in
prototyping applications. However, it is limited by low temperatures and a limited range of
materials [24]. As in 3D printing, FDM is a revolutionary technology that is also the key
enabling element of Industry 4.0 and can achieve the target of smart and lean manufacturing

[51].

CAD Model design using
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solidworks, fusion 360 etc.

Save as STL file

Defining input paramters for
slicing in softwares like
CURA, slicer etc.

Saving sliced file in g-codes
extension

Printing in FDM printer

Post -processing

Figure 1.4: Flow diagram representing process flow of 3D printing model using

FDM printer.

1.2.2. Selective Laser Sintering (SLS)

Selective Laser Sintering (SLS) comes under the category of powder bed fusion
technology of AM. Similar to FDM, in SLS, a three-dimensional item can be created directly
from a computer-aided design (CAD) database without needing parts-specific equipment or
human assistance.[52] The components of the SLS apparatus include a work chamber, a powder
feed and levelling system, and a computer-controlled laser with scanning and control
capabilities[53]. The building area is first covered with a thin layer of powder as part of the
SLS process. Then, depending on the amount of transmitted energy, the laser scans the powder

bed in a precise pattern determined by the object's pre-established design, partially or
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completely fusing the particles. As seen in Figure 1.5, the build platform is subsequently
lowered, and the previously sintered layer is covered with a second layer of powder. Until the
portion is finished, this method is repeated. The loose powder stays in place throughout the
building and supports the item. SLS is a very economical method since the powder may be
recycled after sieving [54]. The use of powder as the feedstock in SLS, which is common in
other pharmaceutical manufacturing processes, is one of the main advantages of drug synthesis.
Consequently, unlike FDM, where the material must be pretreated to create filaments, Hot Melt

Extrusion (HME) [55].
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Figure 1.5: SLS process [53]

1.2.3. Stereolithography (SLA)

Stereolithography (SLA) comes under the category of vat polymerization technology of
AM. Figure 1.6 shows the SLA process. SLA printers transmit energy into a liquid
photopolymerizable resin using an ultraviolet light beam in the form of a laser [56]. It is
predicated on the theory of photopolymerization, which states that free radicals are generated
as a result of the photoinitiator's contact with UV light[57]. In order to accurately reflect the
previously constructed 3D model, baffles located along axes x and y guide the ultraviolet laser
beam across the liquid resin's surface. The lifting platform repeats the cycle until the 3D object

is finished layer by layer by lowering its position to the height of a new layer of liquid resin
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when a layer hardens. The thickness of the cured layers, which vary depending on the UV light
energy that the resin is exposed to, is one crucial component of SLA.. The choice of resin is
also crucial since it needs to be a liquid biomaterial that quickly hardens when exposed to laser
light and is permitted for human use by the Food and Drug Administration (FDA) [57], [58].
SLA is a flexible option because the drug and photopolymer can be mixed before printing and
trapped in the solidified matrix. Other advantages include its higher resolution than other
techniques and the fact that heating is limited while printing, allowing the use of thermolabile
medications, unlike FDM. The biggest downside is that there aren't many photopolymer
alternatives. These materials are currently not deemed safe for human consumption, and the
pharmacological loading is modest. Poly(ethylene glycol) diacrylate, poly(2- hydroxyethyl
methacrylate), poly(ethylene glycol) di-methacrylate (PEGDMA), and poly(propylene

fumarate)/diethyl fumarate are some polymers produced in recent years for this approach[58].

— Scanner
system
Laser & | aser beam
Liquid resin

Object formed from
layers of solidified resin

— Platform and piston

Figure 1.6: SLA process [56]
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1.3. Rapid tooling

RT is a logical progression from RP. It started due to the requirement to evaluate the
performance of RP models. Such models (prototypes) have to be made with the same materials
and manufacturing techniques as full-scale production to allow performance evaluation.

Moreover, many prototypes may be needed to enable a comprehensive set of performance tests.

Around the year 2000, RP technologies were unsuitable for the mass production of
models, nor were they able to prototype in a wide variety of commercially accessible materials.
As a result, multi-step processes incorporating several tooling alternatives have been adopted;
these techniques are known as RT. Because RT methods can produce models in more significant
quantities and a wider range of materials, they thus serve as a supplement to RP choices. The
significance of RT, nevertheless, extends well beyond the evaluation of component
performance. The above-mentioned element holds significant importance within the broader
context of expedited product development. The conventional approaches of prototype
production typically rely on the expertise of individuals, involve high costs, and consume
significant amounts of time. Consequently, there is a restricted range of design iterations and
the potential for incurring additional expenses during the production phase. Conversely, it is
widely recognized that low-volume and high-volume products with frequently changing
characteristics necessitate more expedited and cost-effective development processes to remain
competitive in the marketplace. Manufacturers and tool makers are actively investigating

various rapid prototyping (RP) methodologies to enhance their performance in this domain.

There appears to be a significant transition occurring from conventional prototype tooling
practices to rapid tooling (RT). If the tools manufactured by RT exhibit satisfactory durability,
they can also be utilized in the production process. Given the rising number of RT approaches,
there is a prevailing inclination to categorize them into distinct classes. Soft tooling is often
contrasted with hard tooling, indirect tooling with direct tooling, and prototype tooling with
production tooling, among other comparisons. The characteristics of these groups lack clarity,
and the boundary between them is not well-defined, resulting in noticeable overlap within their
respective domains. However, it is possible to categorize real-time (RT) techniques that focus
on practical considerations rather than rigid definitions. The two major classifications of rapid
tooling are direct and indirect type. The detailed types are already described in the figure of the
integrated production system above, and the key points of each method are highlighted. The

same will be discussed in detail in this section.
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1.3.1. Direct rapid tooling

Although they allow the manufacturing of inserts that can resist a few dozen to tens of
thousands of cycles, direct RT methods are effective alternatives for traditional mould-building
technologies. The durability or life expectancy of inserts generated utilizing these processes
varies substantially depending on the material and the RT technique employed. As a result,
direct RT technologies have numerous applications, including prototype, pre-production, and
production tooling. Direct RT processes are classified into two types according to their

application.

The first group comprises less expensive, faster-to-implement techniques appropriate for
tool validation before costly improvements are made. Direct RT approaches that meet these
characteristics are methods for "firm tooling[59]. When it comes to firm tooling, RT approaches
to bridge the gap between soft and hard tooling by designing tools that can be utilized to make
small prototype runs of 50 to 100 components using the same raw materials and manufacturing

techniques as final production parts.

The second category of RT techniques includes those that allow the creation of inserts
for pre- and post-production equipment. RP apparatus manufacturers market these procedures
as "hard tooling" solutions. The latest "hard tooling"[59] choices are made of sintered metal
powder inserts (steel, iron, and copper), including copper or bronze. The detailed classification

is shown in Figure 1.

1.3.2. Indirect rapid tooling

The alternatives to conventional mould-making procedures include indirect RT. Tool
validation can be done using these less expensive ways with shorter lead times before
modifications become very expensive[l]. These RT techniques are designed to bridge the gap
between RP and hard tooling by making it possible to produce tools with short prototype run
capabilities. The wide variety of indirect RT solutions makes choosing the best strategy for a
given project challenging. Companies need to be familiar with all of the processes that are
accessible, understand their advantages and disadvantages, and the relative qualities of the
many materials they use. The vacuum casting method of preparing the mould, which is
basically one of the processes that is utilised in indirect rapid tooling will be discussed next

since it is used in the current study.
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1.3.2.1. Vacuum casting

Vacuum casting is the process of making the casting mould in two stages. The stages
involved in the vacuum casting process are shown in Figure 1.7[60]. The steps are as follows:
(a)The master pattern is designed in the CAD software. (b) The master pattern is 3D printed
using techniques like SLA/SLS or can also be produced through a CNC machine. (c) The
support structures, if any, are removed from the 3D-printed master pattern once it is completed
(d) The master pattern is immersed inside liquid silicone material and at this stage, it is cured
in the oven for 16 hours. The mould is cut open once the silicone is dried and the master pattern
is removed, which creates the negative cavity of the part to be made. (e) The polyurethane is
poured into the cavity and cast inside it in vacuum conditions. (f) The part is now removed,

and excess material is wiped off (g) The part is finished and ready for use.

= B
(b)

(@) © ™ (8

Figure 1.7: Vacuum casting process [60]

1.4. Rapid tooling electrodes

To meet EDM standards, electrodes with RP methods must have excellent dimensional
precision and suitable surface roughness. As a result, RP postprocessing for EDM applications
is required. It is divided into stages based on the material's electric qualities (conductive, non-
conductive and casting pattern) and quality parameters (surface roughness, dimensional
accuracy)[61]. Surface polishing, initial metallization to alter conductivity, and secondary
metallization to reinforce final electrode characteristics are all examples of non-conductive
material postprocessing. The three sub-processes listed above can be used on either a positive
or negative RP component. In the case of a negative form, two further actions must be taken.
Backfilled the metal shell cavities with a suitable material and removed the RP pattern
(mandrel). Conductive materials, including metal powders, resins, and metal matrix ceramics
(MMC) powders, require different postprocessing depending on the RT process. Metal parts
created from RT cast patterns must be finished to increase SQ and eliminate the stair-stepping
issue. Scaling the STL file and modifying the face minor features are also required[62].

Furthermore, cast patterns necessitate postprocessing.
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Figure 1.8 depicts fabricating an EDM electrode using RP. The process can be non-
conductive, conductive, or casting[61]. The conductive approach, which employs procedures
such as DMLS, SLS, and others, produces EDM electrodes in a relatively short period but is
limited in its application due to high costs and poor geometrical qualities affected by residual
stress. A method employing non-conductive material takes longer but has the potential to be
accepted by industry due to cheap investment and operational costs. Parts are metallized in two
stages, each of which employs various techniques such as electroless plating, spray metal

disposition, electroplating, electroforming, sheet metal forming, and so on.
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Figure 1.8: EDM electrode manufacturing possible variations through rapid

tooling [61]

Primary metallization makes non-conductive objects conductive by depositing a thin
layer of metal or plastic substrate, as shown in Figure 1.9, typically 10-50 um thick. Secondary

metallization is mainly performed on initial metalized objects to increase the thickness of the
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metallic layer, as shown in Figure 1.10. Secondary metallization deposits a thickness of more

than 180 pum.
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Figure 1.9: Primary metallization process [61]
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Figure 1.10: Secondary metallization process[61]
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1.5. EDM (electric discharge machining)

Electrical discharge machining (EDM) is a nontraditional machining method in which a
voltage differential is applied between the tool and the workpiece, and material is removed
using precision-regulated electrical sparks that flow via a dielectric channel. EDM is a
specialized machining technology that makes use of a high-voltage differential between the
workpiece and an electrode [63]. When the voltage is applied, the workpiece and the electrode
are both immersed in a dielectric medium. When the voltage difference surpasses the
dielectric's breakdown voltage, a plasma channel forms between the electrode and the
workpiece, directing the spark's energy toward the workpiece. The electric sparks remove the
substance, which is then removed by the dielectric, which functions as a flushing agent. The
electrode makes no physical contact with the workpiece. EDM is a noncontact machining

technology that does not require machining forces.

The mechanics of the EDM process are depicted in Figure 1.11. The conductivity of the
workpiece is critical to its machinability by the EDM process. The EDM method can machine
workpieces if their conductivity is greater than a threshold value. The material's hardness is not
considered in the EDM process. This technology can mill any material, regardless of hardness.
For materials that are tough to cut, EDM is a potential solution. This method can shape
superalloys. Because of their intrinsic qualities, materials with severe applications in several
technical sectors are challenging to shape. In superalloys, the EDM method can be utilized to
create complicated three-dimensional forms. The EDM process's machining accuracy can be
very accurately maintained. This approach may produce little components that must be formed

with extreme precision. This method can also attain micro-level precision.
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Figure 1.11: Mechanism of material removal in EDM[63]

EDM removes material by passing a pulsing (ON/OFF) high-frequency current through
the electrode to the workpiece. At a controlled rate, this removes (erodes) very small particles
of material from the workpiece[64]. Figure 1.12 shows the schematic diagram of the EDM
setup. Both the electrode and the workpiece are immersed in a liquid known as dielectric fluid.
Normally, the workpiece is the anode, and the tool is the cathode. A servo system maintains a
narrow gap of roughly 0.025 mm between the tool and the workpiece. Then, discharge occurs
between the closest areas of the tool and workpiece, where the spark impacts the tool and
workpiece surfaces and current flows through the gap at a frequency of 2000-500 000 times
per second[65]. The high heat of the spark melts or evaporates workpiece material, resulting in
surface holes. Charge and discharge cycles are repeated to complete the machining, printing
the electrode pattern on the workpiece surface.[66]. An appropriately designed tool with a feed
mechanism is used to achieve the desired shape and size of the job. The system's dielectric is
continuously circulated and filtered. After the EDM procedure, no grinding or finishing is

necessary[64].
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Figure 1.12: Schematic of EDM process[66]

1.6. 3D scanning

The initial development of 3D scanning technology can be traced to the 20th century.
Contact probes were employed in the first 3D scanners in the 1980s. Laser scanners, CT
scanning, photogrammetry, and Red, Green, Blue, and Depth (RGB-D) cameras became more
accurate and efficient as technology advanced[67]. Millions of points per second in three
dimensions are collected by laser scanners, creating precise point clouds that may be utilized
for everything from enormous infrastructure to tiny things. Structured light techniques are the
industry's most widely used technology for accurately measuring 3D surfaces. Several scans
are combined to overcome the constrained field of vision. Structured light is the foundation for

the most common forms of RGB-D cameras.

Prior to the introduction of modern computer-aided techniques, reverse engineering
existed. Data was collected using typical measurement procedures, allowing the manufacturing
documentation of the piece to be created[68]. Only with the introduction of coordinate
measuring instruments was it possible to collect many 3D points, allowing the shape of an
object to be correctly recreated. Introducing laser and optical scanners for collecting point
clouds and 3D software for processing measurement data required to create a virtual object

model marked a watershed event in scanning technique evolution.[69], [70].

20



Modern optical scanners can capture up to 2 million points in a single measurement that
lasts around a second. Appropriate processing allows for thorough measurement analysis,
which includes dimensioning the object, comparing it to CAD data, creating a deviation map,
and inspecting cross-sections. The work [70] gives the findings of comparison tests on various
scanners. The use of optical scanners is spreading throughout the economy, but it is especially
prevalent in industries such as the automotive industry [71] or reverse engineering for object
design based on the obtained point cloud and in measurements for evaluating product quality
by comparing it to CAD documentation and assessing wear of components after various periods
of operation, such as tool wear[72]. Alternative point cloud production techniques, such as
contact approaches that use computer tomographs, scanners, and coordinate measurement

equipment, are being studied in comparison.

1.7. Research Background

One of the most often used unconventional material removal procedures is electrical
discharge machining (EDM). It is used to machine complex geometry where standard
approaches fail [73]. Different geometrical shapes must first be formed on the electrode itself
before it can be used for various applications. EDM electrodes wear due to the nature of the
material removal. The processing condition has a considerable impact on tool wear. Because
EDM product manufacturing normally consists of three stages: roughing, semi-roughing, and
finishing[74]. The above requirement frequently leads to the production of more than one
separate electrode of a certain geometry, which runs consecutively, to make tool-die, implants,
and so on. The EDM cycle typically accounts for 25% to 40% of the tool room lead time within
die and mould manufacture. Electrode manufacturing is a significant cost and time component

of EDM, accounting for more than 50% of total machining expenses[73].

Layered manufacturing techniques, often known as rapid prototyping (RP) technology,
were created to cut product development time and tooling costs. This technology refers to a
series of manufacturing procedures in which the shape of the physical part is generated by
adding material layer by layer. Rapid tooling (RT) is a step up from rapid prototyping (RP). It
is the capacity to produce prototype tools directly from the CAD model rather than prototype

products, resulting in shorter time to market solutions.

In the past, direct or indirect rapid tooling methods have been used to produce EDM
electrodes. The industry has not accepted the developed methods mainly because of poor

electrode performance. Direct rapid tooling methods like direct metal laser sintering [75]
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usually have high initial and running costs, and the part produced suffers from problems like
residual stress and is not suitable for printing fine and complex geometry. Research attempts
involving indirect rapid tooling methods produced plastic moulds. These moulds were made
conductive using operations like painting, electrode plating, etc. The plastic model so obtained
has a very thin layer of conductive material, which is then electroplated to obtain a 180-micron
conductive layer of copper. The EDM electrode formed again has not been practically accepted
because of problems like removing the plastic pattern, backfilling issues, tool failure, etc.[76].
Thus, there is a need to develop an industry-acceptable method through which EDM electrodes

with complex geometry can be produced at less cost and time.

1.8. Methodology

The methodology followed in the current study can be understood with the help of the flow of
chapters described in Figure 1.13 once the problem statement is identified. The starting work
involves the introduction of the techniques through a literature review through which research
gaps are identified. The objectives are laid down, and work is started. As can be seen from the
figure, two parallel paths have been proposed for manufacturing the EDM electrodes; the first
one is the deposition of low melting point alloy through FDM (Figure 1.14), and the second is
the rapid casting of low melting point alloy (Figure 1.15). There are some challenges and
defects associated with the profile of FDM, which led to the development of an alternate path.
The profile developed through both ways is electroplated. The best among them is selected for
testing on an EDM machine, and its performance is compared with the solid copper electrode.
The information gained is applied to develop free-form electrodes for surface modification of
implants, resulting in faster patient recovery through better integration of the implant with the

body tissues. The conclusions are drawn based on the results, and future scope is highlighted.
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Figure 1.13: Flow of work in the current study
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The various phases of the research activity are described below:
Phase I: Extensive Literature Review:

The literature review is an important aspect of any research work. An extensive literature
review has been carried out throughout the project work. The various inferences drawn from
the literature review have been used for the identification of parameters and planning

experiments.
Phase I1: Development of customised FDM printer and subsequent experiments:

The direct-type extrusion head assembly has been fitted in the existing FDM printer to
get the required deposition. The filament location modification has also been done so that the
filament can provide the necessary force for extruding the material out of the nozzle. The
subsequent experiments were carried out, and a cuboidal profile was deposited. However, the
profile obtained through FDM cannot be utilised as an EDM electrode due to the presence of

certain defects.
Phase III: Casting mould design and printing through AM techniques:

The casting mould was designed and 3D printed to get the required EDM tool profile.
The various AM techniques are identified for the same. The mould printed through different
AM techniques is evaluated in terms of various parameters. The mould with optimum

properties was used for casting the tool.
Phase IV: Electroplating of the developed profile and testing it in EDM:

The electroplating setup was designed for plating the cast profile after identifying optimal
parameters for the same. The plated tool is tested on the die-sinking EDM as a tool, and its

performance is compared with the conventional tool.

1.9. Organization of thesis:

[1] Chapter -I discusses the introduction of rapid prototyping and rapid tooling. The chapter
includes an overview of additive manufacturing, direct and indirect rapid tooling and 3D

scanning. The chapter also covers the research background and chapter description.

[2] Chapter II gives a detailed literature review on 3D printing of low melting point alloys using

FDM, printing of casting moulds using AM techniques, and 3D scanning. The chapter
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reports the work done in the field of preparing EDM electrodes using AM techniques. Some
bibliometric findings are also included. Based on the literature review, research gaps are
highlighted, and motivation is drawn out. The motivation forms the basis of the objectives

of the current study.

[3] Chapter III deals with the identification of process window parameters for 3D printing low
melting point alloys using fused deposition modelling. The effect of various printing
parameters on the tin-based alloy's deposition quality is studied. The microstructure of the
deposited alloy is also analyzed. The cuboidal profile is printed at the end with certain

modifications in G and M codes.

[4] Chapter IV presents the work done on rapid casting low melting point alloys using different
AM techniques. The techniques are compared with the help of 3D scanning results and
dimensional measurements of the casted pattern. The microstructure and composition of the
cast alloy are analyzed using a scanning electron microscope, EDS and XRD. The selection

of the particular AM technique for casting LMPA based on the results

[5] Chapter V focuses on electroplating the cast sample in a 3D-printed mould. The work
includes the development of an electroplating setup and identifying optimal parameters for
plating the cast LMPA sample with copper. The thickness of the plating is measured with
time, and the desired plating thickness is achieved. The microstructure and composition of

the electroplated alloy are analyzed using a scanning electron microscope, EDS and XRD.

[6] Chapter VI describes the work done for testing the developed electrodes on EDM. The
taguchi optimization is carried out to find the optimal machining parameters. The
performance of the rapidly casted and plated EDM electrode is compared with the

conventional electrode. The results are highlighted, and conclusions are drawn out.

[7] Chapter VII summarises the conclusion based on the complete work integrating all the

chapters and gives an outlook on future scope.
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Chapter 2: Literature Review

2.1. Introduction

Additive Manufacturing (AM), also known as 3D printing, is a revolutionary technology
and critical component of Industry 4.0 [78], having applications in aerospace, biomedical,
automobile, electronics, etc. [24]. Various AM technologies are commercialized in 3D printing
of metallic parts using metal powders like Selective Laser Melting (SLM), which utilizes laser
energy sources to melt the material [35] in an inert gas atmosphere. Direct Metal Laser
Sintering (DMLS) in which the metal powders are sintered, not melted, to produce the desired
part. Therefore, the end product has a higher porosity than the one obtained by the melting
method [79]. The metal alloys and even metal-plastic combinations can be printed through this
method. Electron Beam Melting (EBM), in which the process takes place inside the vacuum
chamber and is only suitable for the conductive part. The gun generates the electrons, which
are accelerated and focused with the help of an electromagnetic lens and subsequentially
scanned in multiple passes. [38]. The metal alloy with different melting points can be
successfully printed and fabricated [29]. The Laser Engineered Net Shaping (LENS) process
is similar to the above techniques in printing the part in layers directly from the CAD file [28].
The laser beam creates the molten metal pool on the substrate, and the powder is injected into

it for the desired component[27].

The rapid tooling technique, which involves fabricating tools through the above rapid
prototyping technologies utilized in electrical discharge machining (EDM) and other machines,
has been a profound application area. The EDM tool produced through SLM has a substantial
hardness but has more tool wear than graphite tools prepared through conventional
methods[36], while the EDM tool prepared through DLMS has a porosity concern and
excessive tool wear [80]. All the above-mentioned processes involved heavy investment costs
in machinery, metal powders, etc., which required safety and precautions while handling. The
time required is also huge for cleaning, material recycling, chamber operation, etc. A laser

power source and a special atmosphere are also required.

On the contrary, Stratasys fused deposition modelling (FDM) 3D printer, commercialized
in 1990 (Shahrubudin et al., 2019), is a small, compact setup with a wire filament ready to print
other parts as soon as it completes the first part. It is a solid-based material extrusion process
of rapid prototyping technique in which material is deposited layer by layer. [81] The printing

is done in an open environment. FDM is used in universities, small businesses, etc., where
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budget and accuracy are lower. FDM is known as fused deposition of metals (FDMm) when
used for metals. FDM printer utilizes the material in the form of filament wire (generally, a
polymer) fed from the top through extruder head assembly. [46] The printer consists of the heat
sink, heat break, heat block, heating element, temperature sensor and nozzle. The material is
extruded through the heated nozzle in the semi-liquid stage. [82]. The extruder head moves in
X and Y directions while the bed is provided with motion in the Z direction with the help of
stepper motors[83]. Apart from 3 motors for axis motions, the fourth motor pulls the filament
through the spool into the extruder assembly[47]. There are two arrangements: direct type, in
which the stepper motor is an integral part of the extruder head assembly and bourdon type, in
which the stepper motor is fitted at some distance. The generated profile is designed in software
like Solid Works, Fusion 360, etc., and saved in STL format. The STL file is then exported to
slicing software like CURA, Slicer, etc. The prepared file is sliced into several layers by
defining various printing parameters like layer height, default extrusion width, extrusion speed,

nozzle diameter, etc. [52].

Although polymers have shown a promising result in FDM. The need of the hour is to
make it more compatible with metals and their alloys so that it can be utilized directly for
printing metal components, electronic circuits, etc. These metals or alloys should have a low
melting point so that they can fit within the scope of a 3D printer. Only a handful of research
has been done when it comes to 3D printing of low melting point alloys using FDM, while a
significant amount of work has been done in infilling metals in polymers to enhance the

properties of the latter, resulting in a wide variety of applications.

So, in a nutshell, LMPA printed through FDM cannot be directly used as a tool in EDM
due to various constraints. However, AM techniques, which are well established in printing
polymers, can be utilised to produce mould with the tool's profile. The LMPA in the molten
stage can be poured inside it to make the desired profile after the solidification of the metal.
The pattern obtained can be used as an EDM tool after electroplating. This will be an interesting
rapid tooling path, having advantages while making complex and customised EDM tools. The
literature review is, therefore, divided into various sections. They are as follows: FDM using
low melting point alloy, 3D printing of casting mould, 3D scanning and Rapid tooling using

FDM and SLS.
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2.2. FDM using low melting point alloy

The researchers have also demonstrated the deposition of a low melting point alloy
(LMPA) containing tin, bismuth, and other elements using FDM, which can be used for rapid
tooling applications. Mireles et al. [84] optimized the deposition of LMPA, non-eutectic
Sn60Bi40 and eutectic Bi58Sn42 on a Stratasys FDM 3000 printer. As shown in Figures 2.1(a)
and 2.1(b), the liquefier's curved path shape is changed to a straight one, which reduces filament
buckling. The modification also enhanced heat transport and transient response. The authors
deposit the 2D and 3D profiles of LMPA, which can be observed in Figures 2.2(a) and 2.2(b),
respectively. This approach can potentially be utilized for 3D printing novel alloys with
increased strength, tools, electric circuits, and so forth. In another investigation, Mireless et
al.[24] have also deposited six low melting point alloys with eutectic and non-eutectic
combinations. The FDM 3000 software was updated to achieve alloy control deposition,
including extrusion speed, flow rates, and so on. The melting temperature and phase
transformation properties significantly impact deposition control and success, which are
determined mainly by alloy composition. Non-eutectic alloys, ideal for 3D deposition, change
from solid to semi-solid on heating and have a range of melting temperatures, unlike eutectic
alloys with set melting points. The recurrent clogging of the nozzle during deposition was an
issue, which could be attributed to the liquefier's curve form. The coarsening effects hindered
the deposition of Sn-Pb alloys, while agglomeration is predominant in Sn-Ag alloys. Eutectic
composition is the lowest solidification temperature for multi-component material systems.
This is a crucial parameter for FDM technology as it determines the lowest extrusion
temperature. Metal components can produce coarsening or agglomeration within the liquefier,
leading to nozzle obstruction. Therefore, material composition is crucial. The eutectic alloy did
not cause any clogging concerns during deposition; however, the non-eutectic alloy retained
its deposited shape more consistently than the eutectic alloy. The non-eutectic combination of
Sn-Bi offers the best deposition outcome of all materials. The research work's potential

application includes the 3D printing of tools, circuits, and other components.
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Figure 2.1: (a) Original Liquefier, which is curved (left), (b) Redesigned from curved
to straight (red-dashed lines)[84]

Figure 2.2: (a) 2D deposition of tin-based low melting point alloy (left ) (b) 3D
deposition [84]

Hsieh et al.[85] deposited Sn99.3Cu0.7 and Sn60Pb40, which are lead-free. The initial
setting for printing the LMPA is similar to polymer polylactic acid (PLA). However, as shown
in Figure 2.3(a), this led to discontinuous deposition because polymers have a high extrusion
speed. In comparison to polymers, LMPA is less dense. Consequently, a lower extrusion
velocity is preferred, which results in a successful deposition, as shown in Figure 2.3 (b).
Because the new layer heated the preceding layer, the printed structure's metallography showed

that the grains were coursing as a result of the increased tensile strength.

Figure 2.3: (a) Discontinuous deposition at a lower extrusion velocity (left), (b)

Uniform continuous deposition [85]
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The Sn-Bi and Sn-Sb alloy's low melting points have also been utilized by Warrier et
al.[86] Two techniques were used to deposit the LMPA: 3D printing and 3D casting. The first
method (3D printing) deposited LMPA using an FDM printer with alloy filaments as the input
material. In the second strategy (3D casting), another indirect technique, the LMPA, was cast
simultaneously using a 3D-printed PLA mould. Comparing casting-generated parts to 3D-
printed ones, the former has a higher density. For greater control in 3D printing, the correlation
of extrusion velocity, frequency of extrusion, and print speed is required. The pouring
temperature and cooling rate are critical in the case of casting. Greater density and improved
mechanical properties are reached for the fast-cooled cast components. The part printed
through three trials in the FDM setup is shown in Figures 2.4(a), (b) and (¢), respectively. The
application of the stated work includes manufacturing metal prototypes for the aerospace and

automobile sectors.
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Figure 2.4: Sn60Bi40 profile printed through FDM in repeated trial 1(a),
trial 2(b) and trial 3(c) [86]

Gulseren et al.[87] used the FDM technology to create tensile test specimens from wood

and rose metal. The attributes of the printed part are compared to those of the cast pieces. The
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tensile strength of FDM parts is lower than that of the casting pattern. However, it has a larger

elongation than casted parts.

The above section reviews the work done on the 3D printing of LMPA through FDM.
The researchers have used various tin, bismuth, etc., alloy combinations to get the desired
results. However, the results are not satisfactory when compared to polymers. Also, researchers
have not explored the possibility of using the LMPA printed through FDM as an EDM electrode
after necessary plating. The reason might be the desired properties of the electrode, which is

not achievable when LMPA is used in FDM

2.3. 3D printing of casting moulds

The researchers have already explored the possibility of using additive manufacturing
techniques for printing moulds. Wang et al. [88] combined the laser sintering techniques of
Rapid prototyping for the fabrication of sand-casting mould, eliminating the need for a pattern.
The magnesium, calcium, chlorine, and aluminium in the sand form relatively low melting
point eutectics of the order of 500-700°C as compared to silica sand, with a melting temperature
of 1600°C. Therefore, direct laser sintering of silica sand can be done. The technique is much
more useful when the part is small and complex. The process also resulted in the reduction of

errors as compared to the conventional method.

In the same year, Shan et al. [89] made mould prototypes using ceramic material by FDM
and LOM techniques. The metal shrinkage ratio was simulated through FEM software. The
surface treatment was also done to obtain the desired surface roughness. The process can be
utilized for various copper and aluminium-based alloys. The target was the middle and large-
sized parts, although this process can also manufacture small parts. The developed RP
technique can be successfully utilized for making tools out of printed moulds, resulting in rapid

tooling.

Gonzalez et al. [90] used the inkjet printing method (3DP) for printing the ceramic
moulds and compared it with the traditional sand-casting process. The benefits of 3DP
techniques include less time for producing mould, more complex and customized geometry,
reduction in defects like mismatching and improved quality. The DLP method of vat
polymerization method was used by Feng et al. [91] for the printing of mould using
photosensitive transparent resin. The DLP setup controls the UV light and focuses it to the

point where liquid resins must be cured. After one layer is done, the building platform is moved
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up, the scraper recoats the material, and then the building platform moves down for UV light
exposure. The process is repeated over time till the profiles are completed. The uncured resin
is collected at last. The DLP method was chosen due to its higher speed, accuracy, and better
surface quality of the printed model. The model is then hydraulicly simulated using different
filling and gating systems to find the effect of centrifugal rotational speed on filling up the
mould. The imaging equipment assisted in analyzing the filling process by following the

rotation of the centrifugal platform.

Zmarzty et al. [92] have used the polyjet matrix AM method utilizing fullcure 720 resin
for 3D printing casting mould, which was further used to cast silicone mould. The casted mould
was used to prepare the final test specimen. The procedure was followed to study the transfer
and inheritance of features from one casting process to another. From the coordinate and
surface texture measurements, it was concluded that the mould inherits the hereditary features
in the individual casting process in the case of surface texture analysis. Also, the method can
be successfully used for producing customized and complex models with relatively less time

and cost than conventional methods.

Some researchers have also integrated AM techniques with technologies like cloud
computing, big data, and machine learning and developed the concept of smart manufacturing
[93]. One such example is the clubbing of FDM with big data and cloud manufacturing
approach to generate the digital model of the casting mould for spur gear [94]. For analysis,
the mould prepared by the investment casting process is taken into consideration. The data
affecting the build quality of the parts and efficiency is collected at three stages, pre-AM
process treatment, in-process and postprocessing. The model's selection and testing are made
through regression analysis and the F-significance test. The detailed study was done based on
3D model generation, STL algorithm for its conversion and factors affecting the quality of parts
which defines the process efficiency. From theoretical work, it was concluded FDM, or AM
technique, can be integrated with the data management approach in generating the system for

printing the casting mould.

Gill et al. [95] have used two rapid casting methods based on 3D printing to compare the
dimensional tolerances and surface roughness of the pattern produced by the same. The two
rapid casting processes produce the parts in a quick time with tolerances compared to the metal
casting process. However, the surface finish of both approaches is poor compared to other rapid

prototyping processes.

33



Some inferences from the above section are that researchers have tried different AM
techniques for producing the mould. The techniques include FDM, LOM, 3DP etc. Various
materials are used for the same, like ceramic, silica sand with metal additives, resin etc. The
different sizes of the mould are also explored. Vat polymerisation techniques like DLP results
in better quality and accurate parts. Thus, 3D printing techniques can be successfully used for

producing the mould.

2.4. 3D scanning

The next review is the work done in the field of 3D scanning. 3D scanner helps in
achieving the reverse engineering concept. The scanner scans the component and generates the
point cloud data through different shots taken at a specific position. The merging of data results
in the model formation, which can be saved as an STL file. This STL file is compared with the
CAD model for checking the dimensional variation. Researchers in the past have used 3D
scanners for analyzing various dimensions. Detailed information regarding the use of 3D
scanners and the steps involved is explained by Bochnia et al. [68]. The dual master cylinder
is 3D scanned, and point cloud data is generated, converted to an STL model, and compared to

the original model using GOM inspect software.

Sitek et al. [96] utilized the DMLS technique to process the Haynes 282 alloy and
compared it with the cast sample. The 3D scanner was used to find out the deviation in
dimension. The plastic deformation influence on the microstructure and tensile strength of the
alloy has also been studied. The scanning results show that the quality of the surface of the part
prepared through casting and DMLS are at the same base level. Figures 2.5(a) and 2.5(b) show
the 3D scanning results for DLMS and cast part, respectively.

34



c.030

-3.020

(b)

Figure 2.5: (a) Comparison of the CAD model with the scan map for the DMLS
sample (b) Cast sample[96]

Zong et al. [97] have developed the path planning algorithm for an automated 3D
scanning system based on virtual scanning, reducing the difficulty of scanning complex
objects. The developed system will further help in the technicality level improvement of 3D
scanning. However, some limitations are also associated with the above system, including

scanning highly reflective and dark areas, which can be improved by post-processing of data.

Helle et al. [98] presented a case study on the use of 3D scanning for complex internal

features, which is difficult to measure manually. The case study results are compared with the
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existing literature. It was concluded that 3D scanning could successfully improve product
quality by measuring dimensional deviation and has ample opportunities for reverse
engineering. But above process accuracy is subject to the accuracy and resolution of the 3D
scanning instrument or process used and is an area of improvement and research. 3D scanning
serves as a quality control step in many fields with advantages like ease of operation and

reduced overall time. Another example is the use of this technique on the medical side.

Liang Du et al. [99] have used the 3D scanning and reconstruction technique for
manufacturing metal crowns through SLM for restoring applications in dentistry. Compared to
the conventional measuring technique used in dentistry, 3D scanning techniques have the
following advantages. The stored information can be analyzed later, and modifications can be
done as needed; complex parts can be easily replicated, quality of parts produced can be

checked online, thus saving a lot of time.

From the above section review, it can be observed that 3D scanning is effectively utilised
in various domains for dimensional checks and plays a vital role in improving product quality
control. The difficult-to-locate parts can be easily measured with this technique. Moreover, the
STL model can be generated for any object and manufactured again, even if any previous
information is unavailable. However, some challenges include scanning reflective surfaces and

painting white on black surfaces for scanning.

2.5. FDM for rapid tooling

An FDM printer is used to manufacture the electrode profile of ABS material, as
demonstrated by Padhi et al.[100]. The electrode's 2D and 3D CAD model is shown in Figures
2.6(a) and 2.6(b), respectively. ABS is made conductive using three separate primary
metallization processes. The first is to apply a layer of silver paint, the second is to chemically
anneal a silver colloidal solution, and the third is to electroless plate an aluminium-seeded
coating. Copper is electroplated for a total of 96 hours on samples prepared using three different
processes. The second sample has a thickness of 1 mm after 192 hours of Electroplating. The
findings of an EDM test on the plated sample are compared to those of a solid copper tool. The
workpiece sample is of D2 steel. Tool wear with an 8um thickness is measured when cutting
workpieces at a depth of 3500pum. While tool wear is similar, the material removal rate from
the workpiece using a quick tooling electrode and a solid electrode is nearly the same. The
rapid tooling electrode saves more electrode material than a solid electrode because it uses

primary and secondary metallization on a polymer material.
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Figure 2.6: (a) 2D CAD model of the electrode (left) (b) 3D CAD model [100]

ABS electrode that was 3D printed to the necessary specifications was employed by
Danade et al. [101]To achieve a 1 mm thick copper coating, the printed ABS electrode is first
etched, then electroless nickel plated (primary metallization), and then copper is electroplated
(secondary metallization) for 12 hours. The electroplated profile is shown in Figure 2.7. The
workpiece used in EDM is made of titanium alloy Grade-V (Ti-Al6-V4). Additionally, the
performance of the study is contrasted with that of a solid copper tool. Although the quick
tooling electrode has the advantage of decreased surface roughness, its performance is
equivalent to that of the traditional copper electrode. Compared to the solid copper electrode,
the rapid tooling electrode weighs a lot less. Due to the least resistance of the solid copper

electrodes to current flow, their overall material removal rate and electrode wear rate are higher.

Figure 2.7: Electroplated profile after secondary metallization [101]

Equbal et al. [102]. also investigated the feasibility of fabricating EDM electrodes using
FDM. The desired profile is printed on ABS material using an FDM machine. While most

printing parameters remained unchanged, some were changed to provide a dimensionally
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precise profile. Because ABS is an insulator, both primary and secondary metallization were
performed. For initial metallization, three approaches were discovered. As part of the second
metallization step, the samples obtained in this manner are electroplated. With planned studies,
the plated sample is evaluated on EDM. The results were also compared to those of a traditional
solid electrode. A sulphuric acid bath produces a homogeneous copper covering with no shell
separation for plating ABS electrodes. FDM electrodes are lighter than solid electrodes, and
used electrodes can be metallized again for reuse. However, generating undersized and large
electrodes is feasible following the quick tooling method. Furthermore, copper electroplating

is difficult to accomplish in steep curves and corners.

Equbal et al. [103] reported a similar type of study in which ABSP400 cylindrical
specimens were deposited using an FDM printer. The printing parameters were optimized to
obtain higher dimensional precision, high compressive strength, and minimal surface
roughness. ABS electrodes are made conductive for Electroplating by applying the aluminium
charcoal paste. The low current density is utilized for copper electroplating to prevent the
burning of metallized layers achieved during primary metallization. The electrodes are tested
on the EDM setup once the desired copper plating thickness is reached. Because of the low
copper deposition at the electrode's corners, the cavities generated by the RP electrode are
undersized, necessitating further machining and thereby increasing the machining cost. RT
electrodes should be utilized mostly for finishing processes. Furthermore, the variance in

machining cavity diameter is lower for RP electrodes than for solid copper electrodes.

Alamro et al. [104] used the FDM method to manufacture the cylindrical electrode out
of ABS. The path followed for the same is shown in Figure 2.8. A three-stage metallization
method is used to make it conductive, which comprises glazing with Ag particles, chemical
annealing, residual Ag solution applied to surfaces, and electroless plating of scattered
aluminium particles coating. In the oven, the sample is heated and dried. Before electroplating
with copper, the sample was etched and cleaned. The EDM machine is used to evaluate the
plated sample. The RP electrode's performance is compared with the solid copper tool. In the
case of the RP tool, the tool base material is saved more. Direct current and pulse on time had
the most influence on machining properties, whereas the duty cycle had the least. Since FDM

is a cost-effective and portable system, it is the most utilized combination for quick tooling.
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Figure 2.8: EDM electrode fabrication path through rapid tooling[104]

The above section review discusses the use of the FDM technique for rapid tooling. Most
researchers use ABS for 3D printing the tool profile. However, primary, and secondary
metallization is required to make it conductive and suitable as an EDM electrode. The
performance of the electrode developed in this way is also compared with the solid copper
electrode. The rapid path is cost and time-effective and can be used for specific applications
instead of conventional ones. However, it can be inferred from the literature that the method
used to make nonconductive materials conductive increases the cycle time and does not yield
a uniform conductive layer. Moreover, the non-uniformity in the conductive layer takes longer
to be electroplated, and the electroplated layer is not uniform, as current density varies over the
surface. Furthermore, removing a nonconductive pattern (based on which electroplating is
done) might take longer. Still, there is a chance of some particles being left inside. It can also
be noted that backfilling often causes distortion, thus compromising the overall geometric
accuracy. Therefore, such problems can be addressed by utilising LMPA as a base material in

EDM electrodes.

2.6. SLS for rapid tooling

Researchers have also employed the SLS technique for electrode fabrication. The EDM
electrodes are prepared using copper and tungsten powder through the powder metallurgy

process by Sahu et al. [105] The performance is compared to the solid copper electrode. The
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GRA-assisted firefly method is used in the study to estimate the optimal parameters setting for
EDM machining. According to GRA, a lower value of the EDM parameters setting is preferable
for improved performance in terms of surface characteristics. It can, however, only be utilized

when MRR is not the primary criterion being considered.

In another study, Sahu et al. [106] used SLS to create an EDM tool made of AlSi10Mg
and compared its performance to those of solid copper and brass tools. The surface finish is
superior after utilizing the RP tool on the workpiece. The RP tool re-solidifies and reduces the
thickness of the white coating on the workpiece surface when the material is removed due to
high temperature melting and evaporation. The same group of authors [107] demonstrated the
performance of the EDM tool prepared via the SLS route. The performance is compared with
the conventional graphite and copper tools. A verification test like EDX confirms the deposition
of the eroded tool material on the machined surface. The tool erosion is more profound in the
RP tool. The discharge current and tool type are discovered to be major elements impacting the
performance metrics studied. Surface properties generated by RP tool electrodes are superior;

however, graphite tool electrode produces better MRR and TWR.

The above section deals with the usage of SLM technology for rapid tooling. The metal
part can be directly printed using this technology, eliminating the need for primary
metallization. The researchers used copper, graphite, and metal powders to prepare the EDM
electrodes. The developed electrodes are tested on workpieces like steel and titanium. The
performance is also compared with the conventional solid electrodes. The RP electrode

developed through SLM can be useful for low MRR applications.

2.7. Research Gap

The literature review identified that few attempts related to the deposition of low melting
point alloy had been reported. However, a clear understanding of the effect of various printing
parameters on multiple beads deposition has not been found. The researchers have tried to
deposit the complete profile using the FDM of LMPA but have not succeeded due to the
dissimilar properties of LMPA compared to a polymer. Due to this, the FDM profile of LMPA
cannot be utilised for rapid tooling. ABS is the most used material in FDM printers for printing
the electrode and then metallised the same in two steps to make it conductive. The developed
electrode has successfully removed the material from the workpiece, and the results are
comparable with the conventional solid electrodes. However, the possibility of using an already

conductive material like LMPA as an EDM tool using a rapid path has not been explored and
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reported. Some researchers have printed the mould, while some have used 3D scanning

techniques; others have electroplated the printed sample and tested it on EDM.

The current study utilises the LMPA for the EDM tool using the rapid casting method,
which is the first study in this direction. The process parameters window identification and
printing of Sn89B110Cu using FDM have not been done previously and are attempted in the
current study. The FDM setup can print the LMPA with certain control over printing parameters
and modification in hardware, but the printed profile cannot be utilized for EDM electrodes
due to the presence of various defects. Therefore, in the current study, printing moulds are 3D
printed using different AM techniques. The 3D scanning technique and dimensions
measurement evaluated the feasibility of casting mould and the identification of the best
technique for making the same. The printed moulds are used for the casting of LMPA and the
removed pattern is electroplated with copper. The tool prepared in this way is tested on the

EDM machine and its performance is compared with the solid copper tool

2.8. Motivation

The additive manufacturing techniques are time and cost-saving for complex jobs. The
realistic cost savings associated with RP techniques are around 22%, as reported in the
literature[ 108]. However, the cost of the RP tool is mainly justified by the increasing level of
complexity of the tool's profile. Figure 2.9 below compares the cost per component and part
complexity for traditional production and additive manufacturing. Manufacturing the part will
be more affordable if the complexity is higher than the break-even point[109]. Therefore, this
can be referred to as "complexity and customization are free" because adding complexity and
customization to a part won't raise the price to make it. Thus, using AM methods for rapid
tooling will help to achieve the desired objective in a cost and time-effective way. The cost of
processing associated with conventional complex jobs is high due to the involvement of vertical
milling and CNC machines. For some jobs, it takes hours of processing. However, in 3D
printing, as described above, the complex parts can be sliced and printed in layers. The indirect
method can also be utilised in which the mould of the complex job can be printed, and the job
can be cast out of it. Therefore, in the current study AM technique is used for manufacturing
the mould, and job is cast out of it. The same is used as an EDM electrode after electroplating.
The current work provides the path for the manufacturing the complex shaped EDM elctrodes

without the use of subtractive techniques.
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Figure 2.9: Cost comparison between additive and traditional manufacturing[109]

2.9. Objectives

[1] To identify the process window parameters for 3D printing tin-based low melting point

alloy (Lead-free solder).

[2] To develop an Electroplating setup for plating mandrel of low melting point alloy

prepared by casting it in 3D printed mould.

[3] To develop a rapid tooling method for making low melting point alloy EDM electrodes
utilising different AM techniques.

[4] To test the performance of the developed EDM electrode and compare the result with

conventional electrode.

2.10. Significance of the work:

The thesis work contributes to the existing knowledge of developing EDM electrodes
using rapid tooling techniques. In the current study, the optimal printing parameters for printing
Sn89Bi19Cu using FDM are identified, which has not been done previously. The eutectic Sn-Bi
has been deposited in the casting mould made through SLS, SLA, FDM and VC for possible
application in rapid tooling, which is an entirely new idea and can be used for the preparation
of complex and customised EDM electrodes. The electroplating parameters for plating eutectic

Sn-Bi with copper have been identified which can be used by the researchers for electroplating
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LMPA. The copper-plated tool with the base LMPA is used as an EDM tool for the first time,

thus giving a new dimension to the materials used for preparing EDM electrodes.
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Chapter 3: FDM of low melting point alloy

3.1. Introduction

The literature review chapter identified that few attempts related to low melting point
alloy deposition had been reported. However, a clear understanding of the effect of various
printing parameters on multiple beads deposition has not been found. The current study has
attempted to determine the optimal parameter setting for depositing lead-free low melting point
alloy by variations in print speed, nozzle temperature, filament length, and layer height. The
same effect is evaluated in terms of bonding, width, and thickness of the deposited bead. The
single layer, spacing and multiple layers experiments are performed. The single-layer circular
and square profiles are also tried and deposited. The multiple-layer stacks of hollow, solid
square, and circular shapes are also deposited. Finally, the cuboid profile of five layers has been
deposited and electroplated for probable application in rapid tooling. The work done and the
results of the study will be highly useful in depositing low melting points alloys with ease and

minimizing material wastage.

3.2. Methodology, material, and setup

In this study, an FDM printer (Protocenter 999, purchased from AHA 3D limited, Jaipur)
was customized to suit the need for printing low melting point alloy and used. Figure 3.1(a)
shows the setup with a working volume of 220 X 220 X 220 mm, and the Sn89Bi10Cu filament
is shown in Figure 3.1(b). The direct-type extruder assembly for the 2.85 mm filament
combination, as shown in Figure 3.1(c), was fitted inside the machine. The nozzles used were
of brass and stainless steel of 1 mm diameter. The direct-type extrusion system is used with a
filament location at the top so that the desired piston force can be applied for extruding material
out of the nozzle. Initially, a brass nozzle was used, but it failed due to excessive material
clogging and was replaced by a stainless-steel nozzle for better results. Figures 3.2(a) and
3.2(b) show two extrusion system types: Bowden and Direct, respectively. In direct type, the
steeper motor for extruding the filament is screwed with the extrusion head assembly and
moves as a single unit. Meanwhile, in the Bowden type, the stepper motor is fitted to the body

at some distance from the extruder head.
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(a) FDM Printer

Figure 3.1: FDM printer and extruder setup

(c) Direct type extruder
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Figure 3.2: (a) Bowden extrusion system (b) Direct extrusion system [110]
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Lead-free Sn-based Sn89Bi9Cu alloy filaments of 2.85 mm diameter, as shown in Figure
3.1(b), were procured from A.M. Solders Aurangabad, M.H. The FLIR T250 thermal series
camera, with an operating range of 0 — 500°C and 240 X 180 IR pixel resolution, captured
infrared and digital images (3.1 megapixels). The thermal camera's required calibration is done
before it is used for the experiments. The infrared pics are taken for the known source of
temperature, and they are cross-verified with the help of FLIR studio software. The Celestron
handheld digital microscope with a magnification of 20 -200X was used to measure the
deposited bead's width and thickness. The Banbross optical microscope with a magnification

of 100-500X was used to observe the bead's microstructure.

The procedure starts with the process of window identification for temperature, print
speed, filament length (E) and layer height. In subsequent experiments, optimal temperature
range, print speed, filament length, and layer height were identified, and the corresponding

effect on the width, layer thickness, and bonding was studied.

3.3. Experimentation and Results

The section will discuss the experimentation performed to identify the process window
for temperature, print speed, layer height and filament length value for printing low melting
point alloy. The results obtained are evaluated in terms of bead width, level of bonding and
layer height. The ultimate objective is to print a conductive profile through an FDM printer,
which will act as a platform for directly printing metal parts required in prototyping

applications, rapid tooling, etc.
3.3.1. Process window identification of printing parameters
The section identifies four printing parameters in the optimal range for printing low
melting point alloy: temperature, print speed, filament length and layer height.
3.3.1.1. Temperature

The initial experiments pertain to identifying shapes during the extrusion of material and
the range of extrusion temperature. So, the experiments are carried out corresponding to the
purging of the material, then single-layer deposition at different temperatures, with and without

the application of bed temperature.
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Extrusion of LMPA

The first step starts with purging the material from the nozzle assembly once the required
temperature is achieved. Unlike the polymer in which continuous material in semi-solid or
paste-like form comes out continuously during purging, as shown in Figure 3.3 (a), liquid drop

formation was observed in the case of low melting point alloy, as shown in Figure 3.3(b)-(d).

(a) Polymer (b) E=5mm (c) E=7 mm (d) E=11 mm

purging
Figure 3.3: Purging of polymer and drop formation for LMPA

The extrusion temperature for polymers like PLA starts from 210°C. When the current
material was tried to be extruded at the same temperature, the stepper motor gear responsible
for feeding the filament offered resistance. So, the temperature was increased to 215°C, which
resulted in the first successful drop formation. The size of a drop depends on the length of

filament (E) supplied. The description of E is given in Figure 3.4.
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Figure 3.4: Filament flow and deposition of the bead [48]
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where E = length of filament fed from the top of extruder assembly, D = diameter of

filament, w = width of deposited bead, L =length of the deposited bead, h=bead or layer height

The volumetric flow (V) remains constant through input (V;;,) and output (V,,,;) of the

extruder assembly, which is given by the equation [111]
Vin = Vour (1)
Ex™=WsL+H @

So, from equation (2), the value of the length of filament E is calculated by fixing the
layer height, width, and length of the filament, assuming the diameter of the filament to be
constant. Now, the first 5 mm length of the filament results in a smaller drop formation of the
material shown in Figure 3.3(b). A further increase of 2 mm resulted in a bigger drop size, as
shown in Figure 3.3(c). Apparently, with the size, the weight of the drop increases and due to
gravitational force, it falls. Figure 3.3(d) shows the size of the drop formed from 11 mm of
filament, which is about to fall. The subsequent experiment found that 240°C leakages of the
material from the threaded joint between the heated block and nozzle was observed, as shown
in Figure 3.5, which indicates a decrement in the viscosity of the metal at a higher temperature.

So, the extrusion temperature window comes out to be 215-235°C.

- Leakage of

"o ‘the ’

Figure 3.5: Leakage of material at 240°C
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Extrusion temperature

The pilot experiments for SnBiCu were started with the same print speed of 600 mm/min
as for polymers, and there was almost no deposition or highly discontinuous deposition. The
literature suggests metal deposition occurs at a lower print or extrusion speed. So, the print
speed was decreased to a lower value. The letter 'S' with a maximum dimension of 60 X 80 in
x-y direction respectively, with corners at the end, was tried to print at three different
temperatures ranging from 215-225°C. The lower set of temperatures was tried first from the
identified window of extrusion temperatures, as shown in Figure 3.6(a), but it was unsuccessful
since the print speed was still higher. So, the motion or speed in all directions was further
reduced to 60 mm/min. Also, due to frequent clogging of the brass nozzles, it was replaced by
stainless steel nozzles for better performance. Successful results were obtained after using a
stainless-steel nozzle of diameter 1 mm and a print speed of 60 mm/min. The result of the same
is shown in Figure 3.6(b). Unlike the polymers, an interesting phenomenon was observed
during the deposition of LMPA. As soon as the drop formed encounters the bed, the bottom
portion of the drop gets stuck with the bed. Then, the nozzle extends the upper part of the drop
during its movement, and with time, as the temperature falls, materials solidify. In this way, the
deposition takes place in the case of LMPA. Also, double side tape is used for sticking the
material with the bed, which was the major concern in this material. The bubble in the
background in Figure is due to the air present while sticking the tape to the bed. The extrusion

temperature of the layers is mentioned in the Figure with ambient bed temperature.

(a) Discontinuous deposition at high (b): Continuous deposition of
speed (> 100 mm/min) Sn89Bi10Cu (60 mm/min) at different
temperatures

Figure 3.6: Deposition at high and low speed at different temperatures
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Bed temperature

A multilayer thin wall consisting of six layers of length 50 mm and height 1 mm was
attempted to print without heating the bed. The sticking between the layers was not proper, as
indicated in Figures 3.7(a) and 3.7(b) for 220°C and 225°C, respectively. The bed temperature
of 90°C was incorporated for proper bonding between the layers for subsequent experiments,

and the result of the same is shown in upcoming sections.

(a) 220°C extrusion temperature and (b) 225°C extrusion temperature and
without bed heating without bed heating
Figure 3.7: Multiple beads deposition at ambient bed temperature

3.3.1.2. Print speed

As discussed in the previous section, discontinuous deposition resulted due to a high print
speed. Therefore, the print speeds of 60, 30, and 15 mm/min were tried for multiple beads'
deposition. So, in this section, the experiments were carried out at the above-mentioned three
print speeds with extrusion temperatures in the range of 215-235°C, and their effect on print
quality has been presented. The bed temperature was kept to 90°C, and the layer height was set

to Imm.

Print speed 60 mm/min

For a print speed of 60 mm/min, the experiments were performed at four different
temperatures. Since the extrusion temperature is lower, the better, so again, the experiments
were started from the lower temperature of the identified extrusion range. The results are shown
in Figure 3.8. From the Figure, it can be observed that discontinuous deposition was observed
after two layers at 215°C, so the same temperature is discarded, and for this reason, the
temperature of 230°C was included for the fourth experiment. The successful deposition was

obtained at 220°C, 225°C and 230°C.
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Figure 3.8: Six layers stacking at different teperatures and 90°C bed temperature

However, the discontinuity was observed only at 215°C and 60 mm/min print speed after
repeated experiments, while there was no discontinuity at higher temperatures. Infrared images
are obtained to understand the reason for this discontinuity, and the same is shown in Figure
3.8. The discontinuous result at 215°C was compared with the result of continuous deposition
at the same temperature and 220°C. Both infrared and digital pictures were captured with the
camera so that they could be interrelated. The corresponding point is marked on the digital
picture for better understanding. Figure 3.9(a) shows the discontinuous bead deposition at
215°C, and it can be seen that at the point of discontinuity, the temperature comes out to be
208°C, which is below the extrusion temperature. Figures 3.9(b) and 3.9(c) show the
continuous bead deposition at 215°C and 220°C, respectively. As shown in Figures, the
temperature was observed at a point during continuous deposition. The corresponding
temperature comes out to be approximately 215°C and 216°C, respectively, which is above the
extrusion temperature. Thus, no discontinuity was observed for the mentioned scenarios. It can
be inferred that if the deposition bead temperature just below the nozzle drops less than or equal

to 210°C, it will result in discontinuity.
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208.1°C oC

(a) Discontinuous at 215 °C (Nozzle moving left to right)

214.7 °C o 215.5 IR

(b) Continuous at 215°C (Nozzle moving right to left)
216.3 °C oC 219.5 S

(c) Continuous at 220°C (Nozzle moving right to left)
Figure 3.9: Analysis of infrared images with the corresponding point marked on
the digital image

Print speed 30 mm/min

The next set of experiments was performed at a lower speed of 30 mm/min (half of the
previous) and the same bed temperature. The deposition was obtained at four different nozzle
temperatures, as shown in Figure 3.10. However, like the 60 mm/min case, the discontinuous

deposition was observed at 220°C, which means that as speed decreases, deposition at lower

52



temperatures becomes discontinuous. The reason for the same is explained in the above section.
So, this time, a temperature of 235°C was incorporated into the set of experiments. Successful
depositions were obtained at a temperature of 225°C, 230°C and 235°C. Further comparison of

Figures 3.7 and 3.9 shows that interlayer bonding is improved for 30 mm/min print speed.

Figure 3.10: Six layers stacking at different temperatures and 90°C bed
temperature
Print speed 15 mm/min

The print speed was further decreased to half of its value, 15 mm/min, to search for the
best speed for deposition. This time, the experiment was started at a temperature of 225°C due
to discontinuity associated with lower temperatures with the corresponding decrement in print
speed, as discussed in the previous section. The results are shown in Figure 3.11. The
discontinuous deposition was observed in the first layer in the case of 225°C, while in the
second layer in the case of 230°C and 235°C. Also, the leakage of the material was observed
between the heated block and nozzle at a temperature higher than 235 °C, as already discussed
in the extrusion temperature section. Therefore, the print speed window of 60 — 30 mm/min
was identified for the deposition of multiple beads. The results at three different print speeds
and corresponding extrusion temperatures are shown in Table 3.1. The results show that
discontinuous deposition results at the lower range of temperatures in the extrusion window
with the corresponding decrement in print speeds. The same trend follows for print speeds 60
mm/min and 30 mm/min. However, 15 mm/min was discarded for subsequent experiments due

to its discontinuous deposition at different nozzle temperatures.
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Table 3.1: Experimental results for multiple beads at different speeds

-

Figure 3.11: Discontinuous d

epositi
temperature

on at 225°C, 230°C,A35°C and 90°C bed

Sr Print 215 | 220 | 225 | 230 | 235°C
No.. speed °C | °C | °C | °C
(mm/min)
1 60 X [ N[ N | A -
30 - I x [ N[ A N
3 15 - - X X X

X: Discontinuous deposition.
v : Continuous deposition.

-: Not considered for experiments.
The level of bonding was improved when the print speed was reduced to 30 mm/min.

The digital microscope was used to examine the same. The improper bonding or gaps are

present between the layers for a print speed of 60 mm/min at 225°C, as shown in Figure 3.12(a),

while bonding was much improved in the case of 30 mm/min at the same temperature but still,

small gaps persist as shown in Figure 3.12(b). However, further investigation or study in

printing parameters is required to improve the bonding level between the layers. Figures 3.13(a)

and 3.13(b) show the layer width for the top layer of the above two cases. The average and

standard deviation for the first eight values come out to be 0.898 mm and 0.057 mm for 60

mm/min. The same values for print speed 30 mm/min were 0.935 mm and 0.049 mm. Thus,

thickness or layer height corresponds to beads of print speed 30 mm/min, which is close to 1

mm with a relatively lesser standard deviation. Hence, a 30 mm/min print speed has better

results than a 60 mm/min one.
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: Improper bonding or gap between the layers

(a) Level of bondin of bead atprmt speed 60 m/min, temp 225°Ciewed under the
digital microscope.

T PO AN : : =

S

(b) Level of bnding of bead at prnt speed 30 mm/min, temp 225°C viewed under the
digital microscope.
Figure 3.12: Multiple beads bead observation under the digital microscope

(b) Wldth of 6th layer at speed 30 mm/mln, temp 225°C
Figure 3.13: Width comparison of the deposited bead at 60 and 30 mm/min print
speeds

When comparing the level of bonding and width of the deposited bead, it can be clearly
observed that a print speed of 30 mm/min and a temperature range of 225-235°C have better
results. The next set of experiments was carried out by discarding the 15 mm/min print speed

and variation in E value.
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3.3.1.3. Filament length, E

The description of the E value is given in the previous section. Until now, the E value of
15.94506 mm was taken for a 50 mm deposited bead length. This value corresponds to the
100% E value. For this value, the material at the start and end of the beads seems excessive, as
shown in, which indicates the larger E (Iength of filament) value. So, the E value now decreased
to 85% and 70% of its value, which comes out to be 13.553301 and 11.161542, respectively,
to see its effect on the print quality. The print speed was set to 60 and 30 mm/min, and the
temperature range was from 220-235°C. So, the four experiments are carried out at two
different E values with corresponding two print speeds and four different nozzle temperatures.

So, a total of 16 experiments were performed. The results of the same are explained below.

Print speed 60 mm/min and E70% value

The first experiment was carried out at a print speed of 60 mm/min, with E values of 70%
and a bed temperature of 90°C. The nozzle temperature varied in the range of 220-225°C. The
result at four different nozzle temperatures is shown in Figure 3.14. The bead was almost
continuous. However, the larger gap between the layers was observed at E 70%, which may be
due to the thinning of the layers due to the low filament supply. Also, due to a lower E value, a
lesser amount of filament is supplied, which results in less accumulation of material at the start

and end of the bead.

Figure 3.14: Six layers stacking at different temperatures and 90°C bed
temperature

Print speed 60 mm/min and E85% value

The following experiment was carried out by only changing the E value to 85%, keeping
the other parameters constant. The corresponding result at four different nozzle temperatures

is shown in Figure 3.15. The bonding between the layers improved, and smooth material
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deposition was observed at 85% of E. Like the above case, smaller and uniform material

deposition was observed at the start and end of the bead, compared to the E value of 100%.

Figure .15: Six layers stacking at different temperaturs and 90°C bed
temperature

Print speed 30 mm/min and E70% value

The same experiments were performed at a print speed of 30 mm/min and E70%. The
result of the same is shown in Figure 3.16. The discontinuous deposition was obtained at
220°C, which was also the case when the E value was 100%. The reason for the same is
explained in the previous section. The continuous deposition was obtained for the other three
temperatures. However, some discontinuities were also observed at higher temperatures due to
a lower supply of filament material. The interlayer bonding was much more improved than the

60 mm/min print speed.

Figure 3.16: Six layers stacking at different temperatures and 90°C bed
temperature
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Print speed 30 mm/min and E 85% value

The next set of experiments was performed by setting the value of E to 85%. The result
is shown in Figure 3.17. The bead was discontinuous after the third layer for 220°C. The reason
for the same is already explained in the previous section. The continuous deposition was
obtained for the other three temperatures. This set of experiments has the most satisfactory
result out of four experiments in terms of the level of bonding between the layers, which is

elaborated in detail below.

Figure 3.17: Six layers stacking at different temperatures and 90°C bed
temperature
The summary of the result of four experiments at different nozzle temperatures with the

corresponding change in E and print speed is shown in Table 3.2. Except for 220°C in the case
of print speed, 30 mm/min for both E values discontinuous deposition was their rest all were
continuous.

Table 3.2: Experiment results for multiple beads at different E values

E Print 220 °C | 225 °C | 230 °C | 235°C
Sr. |,
%o speed
No. .
(mm/min)
1 |70 60 N N \ N
2 |85 \ \ \ \
3 [70 30 X N N N
4 |85 X N N N

All four cases were compared for a temperature of 225°C since it was the minimum
temperature at which beads were continuously deposited for all four cases. The interlayer
bonding was examined under the digital camera, and the result is shown in Figure 3.18 (a) —
(d). The figures show that the result at a print speed of 30 mm/min and E 85% is the optimum

result in uniform layer deposition and bonding. Table shows the
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b) Print seed mmi 0

(¢) Print speed 60 mm/min, E = 85% (d) Print speed 30 mm/min, E = 85%

Figure 3.18: Interlayer bonding comparison at different filament length values
and corresponding print speeds.

3.3.1.4. Layer height, Z

From the above set of experiments, it was observed that better results were obtained at a
print speed of 30 mm/min, E value of 85% and temperature range of 220-235°C. So final set
of experiments was carried out by setting the above values and varying layer height to 0.9 and
0.8. Selected layer height below 0.8 mm resulted in clogging and leakage of material. The result

of the two experiments is shown below.

Print speed 30 mm/min, Z = 0.9 and E 85%

The first set of experiments was carried out by setting layer height to 0.9, print speed to
30 mm/min, and E value to 85%. The result is shown in Figure 3.19(a). The level of bonding
was much improved. However, continuous deposition was only obtained for 235°C and 230°C.

The uniform layer thickness was obtained, which is shown in Figure 3.19(b).

(a) Bead deposition at Z = 0.9 (b) Variation of layer thickness at Z = 0.9
(235°C)
Figure 3.19: Bead deposition and layer height variation at Z= 0.9 and E = 85%

Print speed 30 mm/min, Z = 0.8 and E 85%

The next set of experiments was performed by changing the Z value to 0.8, keeping all
other parameters unchanged. The corresponding results are shown in Figure 3.20 (a) and (b).

The continuous deposition was only obtained for the temperature of 235°C. So, as layer height
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decreases, there is discontinuous deposition at lower temperatures. One of the reasons for this
is that at a relatively lower temperature, the material has less flowability, and forcing it to lower
layer height through the nozzle opening results in material leakage from the threaded portion

of the nozzle and heated block.

(a) Bead deposition at Z = (0.8 (b) Variation of layer thickness at Z = (0.8
(235°C)
Figure 3.20: Bead deposition and layer height variation at Z = 0.8 and E = 85%

The summary of the result of two experiments at different nozzle temperatures with the
corresponding variation in layer height is shown in Table 3.3. The continuous deposition results
were obtained only for temperatures of 230°C and 235°C for a layer height of 0.9 mm and only
at 235°C for a layer height of 0.8 mm.

Table 3.3: Experiment results for multiple beads at a different layer height

Sr. Z 220 °C | 225 °C | 230 °C | 235°C
No. | Layer Height

1 0.9 mm - X N N

2 0.8 mm - - X N

The interlayer bonding level for Z = 0.9 layer width, as shown in Figure 3.21(a), is
slightly better than 0.8mm, as shown in Figure 3.21(b) for the sample at 235 °C. Also, the layers
are more uniform for 0.9 mm layer height. Analyzing all the results, the optimal set of printing
parameters comes out to be Z = 0.9, print speed 30 mm/min, and E 85% of its value with a
temperature range of 235- 230 °C. Also, lower layer height can be achieved at a higher range

of temperatures.

e ——e e e
(a) Print speed 30 mm/min, E = 85%,Z=10.9 (b) Print seed 30 mm/min, E = 85%, Z = 0.8
Figure 3.21: Interlayer bonding comparison at different layer heights (235°C)
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3.4. Square and circular profiles

The process window is identified, and optimized parameters are obtained. The circular
and square profiles are attempted using the optimized parameters. The target profile is shown

on the left, and the results are shown on the right in Figure 3.22 (a) and (b).

3.4.1. Single layer

As already discussed above, material is deposited in the form of drops and then extended
by the nozzle for further deposition. Therefore, there is a problem with joining the circles at
the end of one circle and the start of the other circle as shown in Figure 3.22(a). The same is

observed in the case of square profiles as shown in Figure 3.22(b).

18

14

10
6

(a) Deposited circulr prﬁl

Figure 3.22: Circular and square profiles deposited through 2.85mm filament
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3.4.2. Multilayer

The multilayer deposition is also tried for circular and square profiles for the same target
profiles. In this case, the deposition was not up to the mark, as can be inferred from Figure
3.23. The dwell and extraction technique is used to achieve the desired deposition. The nozzle

was moved without an E value at the end of one profile and the start of the other profile.

Figure 3.23: Multilayer circular (left) and square profiles deposited through
2.85mm filament.

3.4.3. Hollow cylindrical and square profiles (multilayer)

The hollow cylindrical and square profiles are also deposited. The ten-layer stacks were
piled up, and an approximate height of 9.5mm was achieved. The results are shown in Figure
3.24 (a) — (d). The target dimension for the square was ket at 10 X 10 mm. The circle diameter

was also set to 10mm. The result obtained is close to the target result.

(a) Hollow circular strand of ten

layers (b) Top view
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(c) Hollow square strand of ten layers (d) Top view
Figure 3.24: Hollow circular and square strands of ten layers.

3.4.4. Deposition using Dwell and extraction

The problem is rectified by using the end compensation of 0.5 -1 mm, which means that
the E value corresponding to the length of 0.5-1 mm is not given at the end so that the nozzle
will move without the filament input. Figure 3.25 shows the result for a single layer for the
square profile. The final cuboid is a square profile only, so dwell and compensation is applied
to the square profile. The application of the technique resulted in the final cuboid, with a
dimension of 15.86 X 15.87 X 5.43 mm, as shown in Figure 3.26. The same is electroplated
with the developed electroplating setup, as shown in Figure 3.27. The details of the

electroplating parameters and setup will be covered in the upcoming chapters.
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Figure 3.25: Correction in square profile
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Figure 3.26: Cuboid profile (15.86 X 15.87 X 5.43 mm) deposited through
extraction and dwell (top view-left, side view-right)
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Figure 3.27: Electroplating of the cuboid profile

3.5. Microstructure examination

The metallographic structure of the parent alloy and deposited bead were examined under
the optical microscope. Etching was done to reveal the microstructure. The etchants used were
FeCls, HCI and distilled water. ASTM E407 procedure was followed for etching. Figure 3.28(a)
shows the transverse cross-section microstructure of the parent material. The microstructure
seems to be non-uniform. With subsequent deposition, uniform structures were observed, as
shown in Figure 3.28 (b). The linear dendrites formed at the boundary of the longitudinal
direction deposited bead, as shown in Figure 3.28 (c), columnar dendrites towards the centre,
as shown in Figure 3.28 (d) and fine equiaxed grains at the centre, as shown in Figure 3.28 (e),
similar to the casting process. This dendrite formation results from cooling the deposited bead

at room temperature and is opposite to the direction of heat flow.
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(a) Non-uniform microstructure of the
ial

Lot b ; - o e . ;T

(¢) Linear dendrites appear at the >(d) Columnar dendrites appear towards

boundar the centre
34 ) |

Figure 3.28: Microstructure of the parent material and deposited bead

3.6. Conclusion

The current study identifies the process window of temperatures, print speeds, filament
length and layer height for printing low melting point alloy Sn89Bi10Cu. Also, the effect of
the above parameters setting on the print quality of material has also been presented and

analyzed. The experiment's procedure starts with the identification of the shape of extruded
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material through purging, which comes out to be drop, unlike the polymer and extrusion
temperature identified in the range of 215 -235°C. It was found that depositing material with a
bed temperature of 90°C resulted in proper bonding between the layers. The materials were
successfully deposited at print speeds of 60 mm/min and 30 mm/min. However, some
discontinuity was associated with a certain range of parameters, which was analyzed using
infrared images captured from a thermal camera. The thickness, bonding and width
corresponding to a print speed of 30 mm/min was better than 60 mm/min when observed under

a digital microscope.

Further reducing the print speed to 15 mm/min resulted in discontinuous deposition. The
next set of experiments was performed by varying filament length at the input to 85% and 70%
of their value with corresponding print speeds of 60 and 30 mm/min. The results in terms of
interlayer bonding corresponding to experiments related to variation in filament length (E)
showed that E 85% and print speed 30 mm/min were better among all. The experiments were
also performed by variation in layer height, and its effect on the interlayer bonding and
thickness of the bead was observed. The result corresponds to a layer height of 0.9mm, which
was better as compared to 0.8 mm. Analyzing all the results, the optimal parameters for
deposition come out to be the print speed of 30mm/min, E value of 85% and layer height value
of 0.9 mm for a temperature range of 230-235°C since having the uniform layer width,
thickness and significant level of bonding. Also, as print speeds and layer height decrease,

continuous deposition occurs at a higher extrusion temperature.

The optimum parameters were set for depositing single and multiple layers' circular and
square profiles. The hollow profiles are also deposited, consisting of multilayers. The problem
of spot formation is observed at the end of one profile and the start of the other. So, the dwell
and extraction technique is utilized to improve the result. Finally, the cuboid is deposited and
electroplated with possible application in rapid tooling. However, the profile obtained needs
more improvement in order to use it as a tool for machining. The same thing can be inferred
from the literature review that printing the complete and exact profile through low melting
point alloy is a challenge, unlike polymers. Since the properties of the two are entirely different.
The polymers are dense compared to the low melting point alloy and as seen during purging,

polymers have a semi-solid paste-like formation when heated, which helps in deposition.

The microstructure of the parent and deposited material has been observed under the

optical microscope. A uniform microstructure was obtained for the deposited bead. The
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dendrites formation was observed in the beads with fine grains at the centre, columnar dendrites

towards the centre and linear dendrites at the boundaries.

The future work involves using different nozzle materials, like coated and heat-treated
nozzles, for more uniform heating. The current work paves the way for the application of FDM
printers for directly printing metallic parts. Although the scope lies in more control of printing
parameters for improving the level of bonding, fusion, etc. The application of the current work
is in the direct printing of metallic parts to be utilized in automobiles, electronics, aerospace

industries, etc.
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Chapter 4: Rapid casting of LMPA using different
AM techniques and 3D inspection

4.1. Introduction

As can be inferred from the previous chapter, the LMPA profile printed using FDM is
unsuitable for use as an EDM electrode due to various incompetencies when compared to the
polymer. The profile has various defects in terms of gaps and insufficient layer bonding which
make it incompatible with EDM electrodes. Therefore, the LMPA will be cast in the 3D-printed
mould through different AM techniques. The mould, in terms of dimensions, surface finish and
good repeatability, i.e., having minimum dimensional deviation after repeated use, will be used
to cast the EDM electrode. The designed casting mould is produced through four processes,
namely Stereolithography (SLA), Selective Laser Sintering (SLS), Fused Deposition
Modelling (FDM), and Vacuum Casting (VC), to have a sense of comparison between different
AM techniques. The above AM process is selected due to its affordability and common
availability. The dimension of the printed mould is cross-checked through 3D scanning of the
part. The eutectic Sn-Bi alloy is melted and poured inside the mould. The pattern is removed
from the mould and scanned to check its feasibility as a casting mould. So, scanning is done in
two stages, first just after the printing (unused condition) and second after using it as a mould
(used condition). The surface roughness of the mould and pattern is also measured. The casted
pattern is measured for its dimensions. Finally, the best part among the four is selected, keeping
the rapid tooling application in mind. The part is electroplated with copper and tested on EDM

for its performance as a tool.

4.2. Materials and method

The current section covers the design and slicing of casting mould and a description of
AM techniques, machines and equipment used. The details of 3D scanning steps are also

covered.

4.2.1. Design of casting mould

The parts were designed in Fusion 360 software in two halves: the assembled and spilt
view, which is shown in Figure 4.1 (a) and (b), respectively. The final pattern consists of three
cylinders, A, B, and C, marked in Figure 4.1(c). Part A is for holding purposes in electroplating
and compensates for the shrinkage during molten metal pouring. Part B is for holding purposes

in the tooling machine, and part C is the part which is used for machining the workpiece. The
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design file was saved as an STL file to be sliced in slicing software, as shown in Figure 4.2,

and then details were saved in the form of G and M code for 3D printing.

(a) Assembly view of the casting mould
' Dimenions are in mm

16
N dﬁ P Pattern
_—1 profile
© H B0 4 H
W
- Provision
h c s for fixi
° 5 » or fixing
= | the mould
C T 1

(¢) Dimension of mould part

(b) Split view of the casting mould
Figure 4.1: The design of casting mould
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€ FlashPrint - Reduced casting mould final v1.gx - X
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Figure 4.2: Slicing of the designed cast mould in FlashPrint slicer software

4.2.2. Description of AM techniques and setup

The four different AM techniques, FDM, SLA, SLS and VC, were used for 3D printing
the mould. The description of the machine and material is given in Table 4.1. The details of the

different processes are as follows:

e FDM printers utilize the material as a filament, fed into an extruder assembly with the help
of a stepper motor, heated to extrusion temperature in the nozzle, and deposited in the bed

layer by layer.

e SLA uses photosensitive liquid resin cured with UV light, generating the required profile in

layers. The printed part is washed and cured in a separate chamber to gain strength.

e SLSuses powder form polymer material sintered with a laser power source application. The
powder consisting of small particles is spread in the bed through a recoater, and the powder
is preheated to a temperature below the melting point of the raw material. The laser heats
the powder in a specific path up to the melting point, and the material is solidified in due
time. The fresh powder is spread once the layer is completed, and the process is repeated to

achieve the required geometry.
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e The vacuum casting master's part is built in SLA. The master part is kept in a casting box,
and silicone is poured onto it. The setup is cured for 16 hours, and once dried, the master
part is removed by cut open the mould. The negative cavity is created of the original shape.
The polyurethane is then poured into the cavity under vacuum conditions, and excess
material is removed to obtain the finished part. So, the above-mentioned process is used for

fabricating and printing the final mould.

Once the parts are printed, it is 3D-scanned (Stage- I), and molten metal is poured inside
them. The casted pattern is separated from the mould, and again, 3D scanning (Stage -1I) of the
used mould is done. The eviXscan 3D Quadro heavy-duty scanner (blue light), having a
scanning accuracy of 0.013 mm, was used to scan the 3D printed parts. Each part of the mould
is scanned in two stages and point cloud data is compared with the original CAD model. The
eviXscan 3D Suite software is used for the 3D inspection of the parts. The list of steps in the
3D scanning and dimensional inspection of the parts is shown in Figure 4.3. The first step is
placing the part at a rotating table and 3D scanning the part through a scanner, which projects
blue light on the part. The part is rotated and inverted in between, and different shots are taken.
The point cloud data file is generated due to different shots and merged to generate a mesh
which is saved as an STL model. The inspection software compares the STL model with the
original CAD model. The colour mapping is used to represent the deviation from the CAD

model. The point for which deviation is to be measured is selected, and a report is generated.

The SEM (FEI Apreo-S model) was used to view the microstructure of the cast sample.
The EDS (oxford) equipment attached to the SEM was used to analyze the cast sample's
chemical composition, and an XRD with a 3kW sealed X-ray tube (Rigaku) was utilized to
perform the X-ray diffraction test on the same. The obtained pattern dimensions and surface
roughness were measured by the vernier calliper (resolution 0.01 mm) and Mitutoyo SJ-410

surface roughness tester (resolution 0.001um), respectively.

Table 4.1: Machine and material description

Sr. No. Process Machine Material
1. FDM Dreamer, ABS
Flashforge 3D printer
2. SLA EPA650 SH8900-H
3. SLS EOSp110 PA 2200 (Polyamide 12)
4. | Vacuum casting MK VC600 Pr700 (Black polyurethane)
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3D scanning (blue light)

Mesh generation through
point cloud data

STL alignement with
CAD file

Colour mapping, deviation
with CAD model

Marking and generation of
point on aligned model

Report generation

Figure 4.3: Steps of the 3D scanning inspection process.

4.3. Results and discussion

The parts printed through four techniques are shown in Figure 4.4 (a). The Sn-Bi eutectic
alloy was melted to a temperature of 180°C and poured inside the moulds prepared by different
AM techniques. The mould was split open after the solidification of the material, as shown in

Figure 4.4 (b).

(a) Moulds printed through SLA, SLS, FDM and VC (left to right)
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(b) Moulds after casting, SLA, SLS, FDM and VC (left to right)
Figure 4.4: 3D printed mould through different techniques.

The 3D scanned model of the mould generated through the point cloud data was
compared with the original CAD model by aligning both models. The points were marked in
the aligned model, highlighting the corresponding dimensional deviation, as shown in Figures
4.5 and 4.6. The scale on the right side shows the colour mapping in terms of the deviation
limit. The basis of comparison between different processes is the calculation of the average and
maximum value of the deviation of printed mould to the designed CAD model. The calculations
were also done in two stages before and after using it as a casting mould. The dimensional
deviation of the mould after it has been used for casting may help understand whether the same
mould can be reused for producing more patterns. If used so, what dimensional variability is

expected.

As mentioned above, four processes were used for printing the same mould in two parts.
Therefore, the total number of printed parts comes out to be eight. Also, two-stage scanning
was done, so 16 scanning results were compared. A cast tool profile with a cylindrical surface
was considered for the average deviation calculation since it is the area of interest. The average
is taken for the total ten values, and some of it is marked in Figure 4 and Figure 5 for clarity.
As explained above, the mould has two segments: cast tool profile and provision for fixing it
during casting. Figures 4.5 and 4.6 show some high deviation in the cavity in the region of a
provision for fixing mould. The dimensional variation in those cavities of the right half of the
moulds used for all the techniques is significant, as can be inferred from Figure 4.6 (b), (d), (f),
and (h). However, the variation is predominant in the VC part as bulge formation (Figure 5
(h)) is observed as molten metal is poured inside it and material is also filled in the cavity
(Figure 4.4). That area is not considered for calculating the average deviation because it is only
used for tightening the mould. Secondly, as explained above, some molten metal enters that

cavity; therefore, extreme deviation is visible in those cavities.

The maximum deviation + value is considered for the complete mould where the negative

sign represents the deviation in terms of undersized while the positive sign means oversized.
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The following graphs in Figure 4.7 and Figure 4.8 are drawn with the help of the obtained

average and maximum deviation values. The details of the figures are given below.

Figure 4.5 (a) and (b) show the 3D scanning results for SLA in unused conditions.
Similarly, (c)-(h) shows SLS, FDM and VC results. The parts (left and right half) printed by
the VC process are the most undersized, followed by SLA and SLS, as inferred from the figures.
The dimensional variation is highest in the case of VC, represented through colour mapping.

SLA parts have the least dimensional variation, followed by SLS, FDM and VC.

Figure 4.6 (a) — (h) shows the comparison of scanning results for the used moulds for the
four processes. The mould dimension of used moulds increased from undersized (unused
mould) to oversized, which may be due to the mould's expansion due to heat produced by the
molten metal. The dimensional variation follows the same sequence: the SLA part has the least,
and the VC part has the highest. The left half of the mould consists of protrusion, which fits in
the cavity on the right half of the mould during tightening. The dimensional variation in those
cavities of the right half of the used moulds for all the techniques is significant, as can be
inferred from Figure 4.6 (b), (d), (f) and (h). However, the variation is predominant in the VC
part as bulge formation (Figure 4.6 (h)) is observed as molten metal is poured inside it and
material is also filled in the cavity (Figure 4.4 (b)). The dimensional deviation information is

taken from the figures, and the average deviation is calculated as explained above.

Figure 4.7 shows the average deviation of the casting mould for both used and unused
conditions for all the processes. The VC part has the maximum dimensional variation on the
negative side, indicating the undersized part. SLA and SLS have minimal dimensional
variation, followed by the FDM and VC parts. Figure 4.8 shows the maximum dimensional
variation of the parts (unused and used condition) in the negative and positive directions, in
which negative represents undersized while positive represents oversized. The maximum
deviation on the negative side is -0.272 mm, corresponding to the VC mould. While on the
positive side, it is +0.251 mm, corresponding to the FDM mould. The range of deviation comes

out to be maximum for the VC part, which comes out to be 0.272 + 0.208 = 0.480 mm.
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Figure 4.5: Comparison of scanned data with CAD model of the left and right half of
the moulds in unused condition
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Figure 4.6: Comparison of scanned data with CAD model of the left and right half of
the moulds in the used condition
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4.4. Measurement of pattern dimensions

The dimensions of the pattern made from the four moulds were measured with the help
of the vernier calliper. The measurement was taken at five different points for the same
dimension, and the average value was taken. As discussed earlier, the small cylindrical portion
at the top of the pattern was used to compensate for the shrinkage. The profile which is

considered for measurement is shown in Figure 4.9 with dimensions.

10

L2

Dimensions
are in mm
Figure 4.9: Ideal pattern dimensions

It was observed that the average of the readings would not give a clear picture due to
variations in the dimensions of the part in negative and positive directions. So, the maximum
variation value in both directions of each dimension (D1, L1, L, and D) is represented with the
help of the plot in Figure 4.4.10(a) - (d), where the negative sign means the deviation in terms
of undersized while the positive sign means oversized. Therefore, the positive and negative are
mentioned in the figures, which represent the maximum oversized and undersized deviation of

the dimension of the pattern using different AM techniques.

From Figures 4.10(a) - (d), it can be inferred that the pattern made by SLA has the least
dimensional variation, followed by SLS, FDM and VC. The SLA printers have optical systems
of high resolution, resulting in tight tolerances. The SLS parts have lower dimensional accuracy
than SLA, which may be due to variations in the size of powder particles. The FDM has lower
dimensional accuracy than SLA and SLS since FDM parts are susceptible to wrapping,
shrinkage, etc. Also, variation in material flow during the extrusion process results in further
dimensional variation. The pattern made by VC casting mould has a significant dimensional

deviation since, in VC, the master pattern is used for preparing the mould in which the
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component is cast. Therefore, two steps are required to get the mould, unlike the other three

processes in which mould is directly printed.
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Figure 4.10: Dimensional deviation of the casted pattern in a negative and positive
direction.

The surface roughness of the pattern and mould was measured using a surface roughness
tester, as shown in Figure 4.11. The average of the measured value was taken at three different

locations for the same sample. The sample length for surface roughness measurement is taken

as 4mm.

Table 4.2 shows the surface roughness value. The unused mould has the highest surface
roughness, followed by the used mould and pattern. The pouring of molten metal results in the
smoothening of the surfaces of the mould, which results in a lower surface roughness value of

used mould and some of it is inherited by the pattern, which has the lowest value among the
three.
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Mitutoyo

Figure 4.11: Surface roughness measurement

The VC and SLA mould have a higher surface finish than SLS and FDM. The master

pattern in VC is made from SLA only, as already discussed in the material and method section.

The liquid resin and precise layer thickness used in SLA result in a fine surface. However, some

surface roughness is due to the stepping effect in SLA. The powdered material has a grainy

texture due to irregularities in size, resulting in higher surface roughness in SLS than in SLA.

At the same time, FDM has the highest surface roughness among the four processes which is

due to visible layers in the parts produced. Thus, after analyzing the results, the SLA pattern is

best in terms of dimension and surface finish. The result also complies with the published work

on the quality inspection of turbine blades manufactured by rapid tooling [112]. The master

pattern is made of FDM and SLA, in which the SLA pattern has greater dimensional accuracy

and surface finish.

Table 4.2: Surface roughness measurement

Average Surface Roughness, R. (um)
Sr. AM
No. | Techniques Unused Used Patt
’ q mould mould attern

1. SLA 1.532 1.224 0.721

2. SLS 3.657 2.491 1.224

3. FDM 4.865 3.187 1.568

4. vVC 1.387 1.162 0.591

4.5. Repeatability of mould

The results show that the SLA mould has a good surface finish with close dimensional

tolerance. However, when put to repeated use, the SLA mould expanded (Figure 4.12 (a)) while

the SLS mould (Figure 4.12 (¢)) remained intact. The FDM mould has a surface finish of lower
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order and dimensional accuracy when compared to the SLA and SLS. Also, the cast pattern in
FDM mould diffuses into the body if not removed immediately (Figure 4.12 (b)) and is difficult
to separate later. As discussed above, the VC mould expanded in size, and material entered into
the cavity provided for fixing the mould, resulting in the extended part of the cast pattern, as
shown in Figure 4.12 (d). Therefore, the SLS mould is repeatedly used to cast the electrodes
for electroplating and EDM testing. The details of the electroplating and EDM experiments

will be covered in the upcoming chapters.

(a) Expansion of SLA mould (b) Fusion of FDM component
after repeated use inside the mould

(c) SLS mould intact (d) Extended part in the VC pattern
after repeated use
Figure 4.12: Issues with the different mould

4.6. Microstructure, EDS and XRD of the cast alloy

The microstructure of the casted alloy was analyzed under SEM. The result of the same
is shown in Figure 4.13. The Sn-Bi structure is visible in Figure 4.13(a), where the dark region
represents Sn while the lighter region represents Bi. The coarse and fine-grain structures are
visible in Figure 4.13(b), mainly due to the temperature gradient in the casting process. Figure
4.13(c) shows the equiaxed dendrite structures. The EDS analysis was also done to confirm the
composition of the alloy, as shown in Figure 4.14. The result shows a small amount of iron and

nickel in the alloy apart from the base metals. The mass spectrum composition graph of the
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same is shown in Figure 4.15, while the elemental atomic and weight percentage of elemental
composition is shown in Table 4.3. The XRD analysis was also carried out to verify the
composition. The result is shown in Figure 4.16. The peak obtained aligns with the published
literature[113], [114]. The scan rate was kept at 2°/ minute, and the scanning angle range was

20-80°.
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Figure 4.13: SEM images of eutectic Sn-Bi

82



Sn Lal Bi Lal

Majority conten

Traces of Nickel

an(}, | | 'on

Spm

Mi Kal Fe Kal

| TR
Spm

Figure 4.14: EDS mapping of eutectic Sn-Bi
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Figure 4.15: Mass sum spectrum graph of Sn-Bi alloy
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Figure 4.16: XRD peaks of eutectic Sn-Bi alloy

4.7. Conclusion

The current study utilizes 3D scanning to check dimensional deviation and compares
different AM techniques. The casting mould of the required dimensions was designed in the
Fusion 360 software. The designed mould was printed through four processes utilizing three
AM techniques on the way: SLA, SLS and FDM. The printed parts were 3D scanned, and a
report was generated by comparing point cloud data with the CAD model. The eutectic Sn-Bi
alloy was melted and poured inside the mould. The pattern was separated, and the mould was
again 3D-scanned for possible dimensional deviation. Therefore, the scanning was done in two
stages: unused and used casting mould. The average and maximum deviation of the printed
moulds were observed using the scanned result, and a comparison between the different AM
techniques was made. The SLA mould has the least dimensional variation, while the VC mould
has the highest. The dimension of the pattern obtained was also measured, and the variation
follows the same trend: the pattern made by the SLA mould has the least variation, while the

pattern made by the VC mould has the highest.

The surface roughness of the unused and used mould and pattern was measured. The

mechanism behind this is that the hot molten metal tends to smoothen the surface of the mould,
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resulting in lesser surface roughness of the used mould. The pattern has the least surface
roughness for all the techniques. The surface finish is best for the VC pattern followed by SLA,
SLS and FDM. The master pattern in VC is printed through SLA. The use of liquid resin and
lower layer thickness results in a fine surface finish and precise components in SLA. At the
same time, irregularities in powder particle size in SLS and variation in material flow in FDM
result in higher surface roughness. The SLA pattern is the best overall in terms of both
dimensional accuracy and surface roughness. However, when put into repeated use, the SLS
pattern proves to be least affected in terms of dimensional deviation, while the SLA mould
expanded. Therefore, for continuously making electrodes, SLS mould is used. The
microstructure of the casted alloy was observed under SEM. The EDS analysis confirms the
presence of nickel and iron in casted alloy along with Sn-Bi. The XRD test peaks confirm the

presence of Sn-Bi.
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Chapter 5: Electroplating of low melting point alloy
5.1. Introduction

The SLS is selected as a preferred method when it comes to casting EDM electrodes on
a repetitive basis. The electrodes cast through the SLS mould are electroplated to achieve the
desired thickness of copper. The electroplating setup is developed for the same, and parameters
are identified based on the literature review. The various trials are conducted with variations of
parameters to search for stable copper plating. The number of electrodes is cast and plated
using optimal parameters setting. The same is tested on the EDM machine for its performance

as a tool. The details of the same is covered in the next chapter.

5.2. Materials and method

The electroplating of copper on the pattern prepared by the above method was done by
preparing the setup and maintaining the parameters, as shown in Table 5.1. The parameters
were selected after the literature review of the work done on electroplating copper [115][116].
The casted sample was electroplated in three stages, with three experiments in each stage to
find the best results for electroplating. The parameters maintained in the first stage were the
same as shown in the Table. However, the current density varies in a range to see its effect on
the plating since the result was unsatisfactory. Therefore, in the second stage, the constant
current density was maintained. Although the result improved, the scope for improvement was
still there, so the mixture was stirred in the third stage while maintaining the constant current
density. So, in a nutshell, three experiments were performed for all three stages till the stable
plating was observed, starting with 20 minutes and keeping the same time interval. Detailed
information and results of the stages are shown in the next section. The electroplating setup is
shown in Figure 5.1. The hot plate magnetic stirrer was used for heating and stirring the
mixture. The variable DC power supply (0-16V/20A) was used to supply the direct current.
Dimla et al. [117] have discussed the importance of electroplating while investigating copper
plating on complex-shaped EDM electrodes. The two techniques were SLA and DMLS. The
copper plating obtained in both cases was non-uniform and uneven on the inside and outside

edges of the tool. Therefore, developed electrodes cannot be utilized for EDM machines.

The SEM (FEI Apreo-S model) and Celestron handheld digital microscope were used to
view the microstructure and monitor the copper thickness deposited over time. The EDS

(oxford) equipment attached to the SEM was used to analyze the copper deposits' chemical
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composition, and an XRD with a 3kW sealed X-ray tube (Rigaku) was utilized to perform the

X-ray diffraction test on the same.

Table 5.1: Electroplating parameters
Sr. | Solution contents and .
No. | plating parameters Quantity
.| CuS04.5H,0 249 gm/litre (1 molar solution)
2.| H2SOq4 50ml/litre
3.| pH 1.5+0.1
4.| Temperature 40 = 2°C

Figure 5.1: Electroplating setup
5.2.1. Stage 1: Variable current density

The current density varied between 70 — 200 mA/cm2. The first stage resulted in unstable
copper deposits, as shown in Figure. The left side of the image shows the sample, while the
right side shows the SEM result. Due to instability, the peeling of copper from the sample
surface was observed, as marked in Figure 5.2. So, the result obtained was not up to the mark.
The instability depends directly on the time period of electroplating, as 20 min has the least
instability while 60 min has the highest. Therefore, the constant current density was maintained
in the second stage to get stable deposits. The SEM images of the sample plate at 20 mins, 40
mins and 60 mins are shown in Figures 5.3(a) — (c). The images clearly show the non-uniform
copper plating with empty spaces. The result is the same with increasing time periods. The size
of copper plating and the vacant spots increase with time. Therefore, the instability increases

with time period. In a nutshell, the proposed method is not suitable for electroplating copper.
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(b) SEM 1mage after 40 mms of platlng '

(c) SEMlmage after 60 mins of plating
Figure 5.3: SEM images of copper deposits at different time intervals (Stage -I)

5.2.2. Stage 2: Constant current density

The constant current density of 70 mA/cm-? was maintained throughout the three
experiments. The result was much better than the previous cases, as shown in Figure 5.4. The
non-uniform copper deposits of bigger and smaller sizes were observed, as marked in Figure
5.4. Still, copper deposits were unstable, and some copper peeling from the surface persisted.
Figures 5.5(a)- (c) show the SEM images for the three experiments of 20 mins, 40 mins, and
60 mins. The size of the copper coating increases with time, and so is the non-uniformity, as
seen in the figures. The copper-plated sample was cut through a wire-cut EDM machine, as
shown in Figure 5.6, and a handheld digital microscope was used to measure the thickness of
the copper plating. Figure 5.7 (a), (b), and (c) shows the thickness of copper plating thickness
for 20,40 and 60 minutes, respectively, in which the scale of 1mm is shown on the right side

and the corresponding thickness measurement on the left.

The thickness is also measured in this case. Figure 5.7(d) shows the plating thickness
variation with time, increasing with time. The maximum thickness of around 180 microns was

achieved in 20 minutes.
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Figure 5.5: SEM images of copper deposits at different time intervals (Stage -1I)
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Figure 5.7: Thickness variation with time for controlled current density and
without stirring

5.2.3. Stage 3: Stirring with constant current density

The mixture was stirred this time by placing a magnetic bead, as shown in Figure 5.8. The
speed was kept to 400 £ 50 rpm while the current density was kept constant, as mentioned
above. Figure 5.9 shows the result of the plating. The plating was much more uniform and stable
in this case, with almost no peeling off copper from the surface. Figures 5.10(a) — (c) show the
SEM images of copper plating for 20, 40 and 60 mins, respectively. The results show the

uniform copper deposits and their size increase with time.

This time, the maximum thickness of the plating is greater than 300 microns for 60
minutes, which is better as compared to the previous two stages. Hence, stirring with constant
current density is the correct method of electroplating. The uniform and stable copper deposit
is of utmost importance as it is vital for using it as an EDM tool. The plating was continued till
a thickness close to 1 mm was achieved. Figures 5.11(a) - (j) show the plating thickness for 20
- 200 mins. The right side of the image shows a scale of Imm, while the left side shows the
plating thickness. The average copper plating thickness of 1.053 mm is achieved in 200 mins
of plating. Figure 5.12 depicts the change in plating thickness over time. The variation range is
indicated in the chart, and the average of the plating thickness measured at each time interval

is displayed.
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(¢) SEM image after 20 mins of plating
Figure 5.10: SEM images of copper deposits at different time intervals (Stage -III)
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i) 180 mins stirred

(j) 200 mins stirred
Figure 5.11: Average thickness of copper plating from 20 - 200 mins
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Figure 5.12: Time v/s thickness graph of plating for stable copper plating
5.3. Dimension and roundness of the tool

The dimension of the tool is measured after 60 mins of the electroplating. The dimensions
are shown in the Table 5.2. Figure 4.9 is used for reference. The profile tracing is done using a
Contracer CV 3200 instrument, and roundness is measured using the least square method. The

roundness of the tool base, which will encounter the workpiece, is 0.1894 mm.
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Table 5.2: Dimension of the tool

Sr. Average
Feature . .

No. Dimension(mm)

1 D, 10.542

2 L; 5.66

3 L, 10.62

4 D, 5.44

5.4. EDS mapping and XRD analysis of copper deposit

The EDS mapping of the electrodeposited copper is shown in Figure 5.13. The result
shows the presence of a small amount of oxygen and sulphur in copper deposits. The mass
spectrum graph and composition of the same are shown in Figure 5.14 and Table 5.3,
respectively. Figure 5.15 shows the result of XRD for copper deposits, and the peaks confirm
the presence of pure copper. The peak of copper was obtained at 43.62°,50.49° and 74.29°,
which corresponds to the plane (111), (200) and (220), respectively [118]. The rest of the
parameters in doing XRD of copper plating were kept the same as mentioned in the cast alloy

XRD section.

| rr— |
50um

Figure 5.13: EDS mapping of copper deposits

97



I Map Sum Spectrum Table 5.3: Element composition

Map Sum| Weight | Atomic
Spectrum % %
| (0] 3.30 11.90
E 0.30 0.54
i Cu 96.40 | 87.56
Total 100.00 100.00
S U e R R IR TR ORI IO
] 5 10 15 20 25 30 35 kel
Figure 5.14: Mass spectrum graph of copper deposit
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Figure 5.15: XRD results for copper deposit

5.5. Conclusion

The work's objective was to find the optimal parameters for electroplating LMPA, thus

proposing the rapid tooling path. The pattern is electroplated in three different stages to find

the best result. The first stage is the uncontrolled current density, resulting in unstable copper

deposits that peel off from the surface. The second is the controlled current density without

stirring the mixture; this time, copper deposits are stable as compared to the previous stage.

However, some peeling off from the surface still persists. The next stage is the constant current

98




density by stirring the mixture, which results in a stable copper deposit. Once the optimum
parameters and conditions are identified, the plating thickness of the copper is measured with
time. The microstructure of the plated electrodes of different stages is observed under SEM.
The EDX test shows the presence of pure copper. The plating process was maintained until a
thickness of approximately 1 mm was achieved. A copper plating thickness of 1.053 mm is

attained on average after a plating duration of 200 minutes.
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Chapter 6: Testing of the developed electrode in
EDM

6.1. Introduction

The EDM electrodes are prepared by casting and electroplating the sample. The
electrodes are to be tested on the EDM machine. The Taguchi orthogonal array is used for
planning the experiments, and further optimization is carried out using Minitab software. The
performance of the cast electrodes is compared with the solid copper tool by performing
separate experiments under similar parameter settings. The experiments are performed in a die-
sinking EDM machine. The performance parameters in terms of output responses are observed
for both the rapidly cast electrode and the solid copper tool. The conclusions are drawn out

based on the results.

6.1.1. EDM experiments

The input parameters are pulse on time (Tpon), pulse current (I,), and gap voltage(Vy). The
chosen parameters account for the discharge energy required during machining[115]. The

formula is given by the equation[119].
E= Ip * Vg >l<Tpon

The output parameters are the Tool wear rate, Material removal rate and surface
roughness. Taguchi optimization is carried out to determine the optimal machining parameters.

The verification experiment is done at optimal parameters setting.

As discussed above, the casted LMPA pattern is electroplated with copper and used as an
EDM tool. The dimensions and material of the same are already discussed in the material and
method section. The rapidly casted pattern performance is compared with the solid copper rod
of the same size. The L9 orthogonal array is selected based on three factors and levels, as shown
in Table. The Minitab 19 software is used for performing the optimization. The process started
with creating a Taguchi design under the Design of the Experiment (DOE) section. The DOE
is an effective technique for planning experiments. The method encapsulates all the factors and
levels. The Taguchi optimization further helps to find the optimal set of parameters and predict
the output response over a range of input parameter values. The tool wear and material removal
rates are calculated for each run for both the RP electrode and solid copper tool using equations

1 and 2, respectively[120].
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Material removal rate (MRR) = %
W*

(1)

where, w; = weight of workpiece before machining, w, = weight of workpiece after

machining, p,, = density of workpiece material, T = machining time.

Electrode wear rate (EWR) = ?_—*e; (2)

where, e; = weight of tool before machining, e, = weight of tool after machining, p, =

density of tool, T = machining time.

Table 6.1: Factors and levels for the L9 experiments

Input Parameters Level 1 | Level 2 | Level 3
Pulse Current Ip (ampere) | 0.5 1 1.5
Gap Voltage Vg (volts) 50 65 80
Pulse on time, Ton (usec) | 50 100 150

6.1.2. Taguchi optimization

Dr. Taguchi has proposed two different approaches for analyzing and optimizing
machining parameters. The first one is the analysis of variance technique, also known as
ANOVA[121]. It is a statistical technique applied to the result of the experiment to find out the
relative effect of the input parameters on the output response. The process also helps to identify

the significant and insignificant parameters.

The next approach is the signal-to-noise ratio (S/N) which is recommended for multiple
runs experiments. The S/N ratio helps in improving the quality and robustness of the
experiments while variating within the results. The ratios are for three conditions: Larger is
better, nominal is better and smaller is better. For the current study, the first two are of concern,

which are given by the equations below.

e Larger is better
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e Smaller is better

1C .,
S/N= —10log HZYi

where, Y;, denotes the output response for the i turn of n trails.

6.2. Material and setup

The ELTECH-D 400 ZNC electronica company model is used for performing the
experiments. Figure 6 shows the EDM setup used for performing the exeperiments. The
specifications of the setup are shown in Table 6.2. The workpiece material is of mild steel.

Table 6.3 shows the composition of mild steel.

Figure 6.1: EDM setup
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Table 6.2: Specification of EDM machine

Sr. No. | Parameter Unit | Specifications

1 X, Y Travel Size mm | 400 X 300

2 Work Table Size mm | 600 X 400

3 Z Axis Travel mm | 250

4 Back Slide mm | 200

5 Max.Electrode Weight | Kg | 100

6 Max Load on Worktable | Kg | 500

7 Daylight 710

8 Work Tank internal size | mm | 1000 X 600 X 450

9 Overall weight Kg 12000

10 Overall Dimensions mm | 1540 X 1470 X 2300

11 Dielectric capacity Litre | 400

Table 6.3: Mild steel composition

Elements Iron, Fe | Manganese, Mn | Silicon, Si | Carbon, C | Phosphorus, P
% Composition 97.85 0.95 0.73 0.25 0.22

6.3. Testing of the electrodes as an EDM tool

The prepared sample testing was done in the EDM setup to check its performance as a
tool. The machining was done on die-sinking EDM for 30 minutes. The workpiece sample is
of mild steel owing to its excellent machinability. The L9 experiment was performed for both
casted and solid copper electrodes. The L9 orthogonal array was selected because the main
objective was to compare the performance of a developed tool of novel base material with the
solid copper electrode. The optimisation of EDM parameters has already been done in the past
by various researchers using different optimisation methodologies. The current study aims to
test the developed electrode in EDM and compare it with the conventional one. So, a total of
18 experiments were conducted, and the main effects of the EDM parameters were studied.
Figure 6.2(a) — (d) shows the process of electrode testing in die-sinking EDM in which (a)
shows the RP tool set-up, (b) shows the copper tool set-up, (c) shows the control panel
displaying the input parameters, (d) shows the machining operation. Figure 6.3(a) shows the
sample workpiece machined through a rapid cast electrode, while (b) shows the workpiece
machined through an solid copper electrode. The 3D topography of the two samples is shown
in the Figure 6.4. The image corresponds to a sample with minimum surface roughness among

the L9 experiments for RC and copper electrodes. Figure 6.4(a) shows the 3D topography
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image of the sample machined through the RC electrode. The maximum surface roughness is
83.4 um, while the average surface roughness is 3.509 um. Figure 6.4(b) shows a similar image

for the sample machined through a solid copper electrode. The maximum surface roughness is

88.8 um, while the average surface roughness is 5.306 um.
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Figure 6.2: Electrode testing in die-sinking EDM
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Figure 6.3: Machined sample images through EDM
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(a) RC tool machined sample topography
Figure 6.4: 3D topography of machined sample depicting surface roughness.

(b) SC tool machined sample topography

6.3.1. Taguchi and ANOVA analysis for RC and SC electrode

The L9 experiments with responses for the RC and SC electrodes are shown in Tables

6.4 and 6.5. The MRR and TW are calculated using the equations (1) and (2), respectively

mentioned above. The density of pure copper = 8.94 g/cm?, eutect Sn-Bi = 8.6 g/cm? and mild

steel = 7.8 g/cm3. The L9 sets of experiments with output responses for rapid casting and solid

copper electrodes are shown in Tables 6.4 and 6.5, respectively.

Table 6.4: Experimental values of responses for rapid casting electrode

Sr. Ip Ton Vg MRR T™W SR
no | (Amps) | (usec) | (Volts) | (mm3/min) | (mm?*min) | (um)
1 0.5 50 50 0.285 0.067 3.509
2 0.5 100 65 0.385 0.082 4.185
3 0.5 150 80 0.484 0.097 5.386
4 1 50 65 0.577 0.096 4.536
5 1 100 80 0.677 0.108 5.335
6 1 150 50 0.707 0.096 5.180
7 1.5 50 80 0.907 0.126 5.695
8 1.5 100 50 0.902 0.110 5.579
9 1.5 150 65 1.013 0.123 6.349
Table 6.5: Experimental values of responses for solid copper electrode
Sr. Ip Ton Vg MRR T™W SR
no | (Amps) | (usec) | (Volts) | (mm3/min) | (mm3/min) | (um)
1 0.5 50 50 0.439 0.058 5.306
2 0.5 100 65 0.572 0.070 5.935
3 0.5 150 80 0.706 0.084 6.611
4 1 50 65 0.825 0.083 6.286
5 1 100 80 0.962 0.098 6.892
6 1 150 50 0.972 0.084 6.882
7 1.5 50 80 1.286 0.116 7.194
8 1.5 100 50 1.248 0.098 7.212
9 1.5 150 65 1.399 0.110 7.838
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6.3.1.1. Material Removal Rate (MRR)

The means effect and S/N ratio plots for MRR for rapid casting (RC) and solid copper
(SC) electrodes are shown in Figure 6.5 (a)—(f). The MRR of the solid copper electrode is
greater than that of the rapid casting electrode, which also complies with the previously
published results [99], [100]. The Ip3Tpon3Vg3 is the observed combination that is 1.5(amp),
150(us) and 80(V), at which the means value is highest, and so are the S/N ratios. Since MRR
follows, the larger is the better criterion. There is an increase in MRR with an increase in pulse
current, pulse on time and gap voltage. The increase in pulse current value generates more
sparks with high energy, leading to higher material removal. Similarly, a higher pulse on time
increases the sparks' duration, which increases MRR. The increase in voltage makes the electric
fields stronger, resulting in energetic discharges, leading to the erosion of the workpiece,

thereby increasing MRR.
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Figure 6.5: Main effect and SN ratios plot for MRR for RC and SC electrode

The response table for means (Table 6.6) and S/N ratios (Table 6.7) for RC electrodes
show that the pulse current is the most influencing factor in the MRR case, as the pulse current's
delta value is the highest among the three factors. The ANOVA analysis is carried out to find
individual factors' contribution to the output response. The alpha value is 0.05, and the
confidence interval is 95% for the analysis. Table 6.7 shows the result of ANOVA for the MRR.
The F-value is greater than the tabulated value for pulse current, and a p-value less than 0.05
is the significant factor in the response under consideration. Therefore, it can be inferred that
MRR is highly affected by pulse current, while the other two factors are relatively less
significant as shown in Table 6.8. The same can also be observed in the case of SC electrode.
The response table for means (Table 6.9) and S/N ratios (Table 6.10) show that the pulse current
is the most influencing factor in the MRR case. The ANOVA result is shown in Table 6.11. The

pulse current is the significant factor.

Rapid casting electrode

Table 6.6: Response table for MRR Table 6.7: Response table for S/N ratios (MRR)

Level] Ip | Ton | Vg Level| Ip Ton Vg
1 10.3847/0.5897]0.6311 1 |-8.4988|-5.5095]-4.9405
2 ]0.6538]|0.6547|0.6585 2 |-3.7236|-4.1894|-4.3151
3 10.94040.7345|0.6893 3 |-0.5463|-3.0698|-3.5132
Delta |0.5557|0.1448|0.0582 Delta|7.9524|2.4397 | 1.4273
Rank| 1 2 3 Rank| 1 2 3

Table 6.8: ANOVA for MRR

Source |[ DF| Adj SS | Adj MS | F-Value | P-Value
Ip 2 10.463365|0.231683|2103.11 | 0.000
Ton | 2 |0.031555/0.015778| 143.22 | 0.007
Vg 2 10.005090(0.002545| 23.10 | 0.041

Error | 2 0.000220|0.000110
Total | 8 |0.500231
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Solid copper electrode

Table 6.9: Response table for MRR Table 6.10: Response table for S/N ratios (MRR)

Level Ip| Ton| Vg Level Ip Ton Vg
1 ]0.5721]0.8498|0.8861 1 -5.0127 | -2.2144 | -1.8276
2 10.9198]0.9271|0.9318 2 -0.7500 | -1.0905 | -1.2045
3 [1.3107]1.0257|0.9847 3 2.3399 | -0.1180 | -0.3908
Delta |0.7386/0.1758|0.0987 Delta | 7.3526 | 2.0964 | 1.4368
Rank| 1 2 3 Rank 1 2 3
Table 6.11: ANOVA for MRR
Source | DF| Adj SS| Adj MS| F-Value| P-Value
Ip 210.819226/0.409613| 1911.69]  0.001
Ton 210.046585|0.023293| 108.71]  0.009
Vg 210.014637/0.007318] 34.16] 0.028
Error 210.000429(0.000214
Total 8]0.880877

6.3.1.2. Tool Wear (TW)

The mean effect and S/N ratios plot for the tool wear for RC and SC electrodes are shown
in Figure 6.6 (a)-(f). The tool wear of solid copper electrodes is lesser when compared to solid
copper electrodes, which is due to the superior wear-resistant properties of copper over eutectic
Sn-Bi. Copper is a harder material when compared to eutectic Sn-Bi, and copper bonding in
solid copper rods is stronger than copper bonding in electroplated copper. Therefore, the RC
electrode wears more than the solid copper electrode. This time, the combination is
Ip1Tponl1Vgl (0.5amps, 50 psecs, 50 volts). Since tool wear follows the smaller is, the better
criterion. The tool wear also increases with an increase in the three factors. The increase in
pulse current leads to more heat generation, which causes more tool wear. As discussed above,
increased pulse time results in prolonged discharge exposure, leading to higher tool wear.
Regarding gap voltage, the increase in discharge and electric field intensity due to higher gap

voltage results in more tool wear.
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Figure 6.6: Main effect and SN ratios plot for TW for RC and SC electrode

The response table (Table 6.12) and S/N ratio (Table 6.13) for the RC electrode show
pulse current as the most influential factor, followed by gap voltage. The ANOVA for TW is
shown in Table 6.14 which shows pulse current as a most significant factor. The response table
for TW and the corresponding signal-to-noise ratio for the SC electrode are shown in Table
6.15 and Table 6.16, respectively. The pulse current is the most influential factor, followed by
gap voltage. Figure 6.17 shows the result of ANOVA for TW, and it can be inferred that all
three factors are significant in the case of TW. Since the value of p is less than 0.5. However,
the pulse current is relatively more dominant than the gap voltage and pulse on time.

Rapid casting electrode

Table 6.12: Response table for TW  Table 6.13: Response table for S/N ratios (TW)

Level| Ip Ton Vg Levell Ip Ton| Vg
1 ]0.08194/0.09643/0.09103 1 [21.82]20.59/20.99
2 10.09987|0.09987|0.10042 2 120.02|20.09]|20.09
3 10.11971/0.10522|0.11007 3 ]18.45|19.62|19.22
Delta [0.03777|0.00879/0.01905 Delta| 3.37] 0.98] 1.78
Rank | 3 2 Rank| 1 3 2
Table 6.14: ANOVA for TW
Source | DF| Adj SS| Adj MS| F-Value| P-Value
Ip 210.002142/0.001071| 440.19] 0.002
Ton 2/0.000118]0.000059]  24.20]  0.040
Vg 2/0.000544/0.000272| 111.84] 0.009
Error 2(0.000005]0.000002
Total 810.002809
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Solid copper electrode

Table 6.15: Response table for TW  Table 6.16: Response table for S/N ratios (TW)

Level| Ip Ton Vg Levell Ip Ton| Vg
1 ]0.07083]0.08558]0.07972 1 |23.10]21.69|22.17
2 10.08851|0.08879|0.08803 2 ]21.09|21.14|21.26
3 10.10782]0.09281|0.09942 3 |19.37|120.72|20.12

Delta |0.03699|0.00723|0.01970 Delta| 3.73] 0.97| 2.05

Rank 1 3 2 Rank| 1 3 2

Table 6.17: ANOVA for TW

Source | DF| Adj SS| Adj MS| F-Value| P-Value
Ip 210.002054/0.001027| 659.92|  0.002
Ton 2(0.000079{0.000039|  25.32|  0.038
Vg 2(0.000587(0.000293| 188.50|  0.005

Error 210.000003]0.000002

Total 810.002722

6.3.1.3. Surface Roughness (SR)

The mean effect and S/N ratios plot for the surface roughness for RC and SC electrodes
are shown in Figure 6.7 (a)-(f). The surface roughness of the solid copper electrode is higher
than that of the RC electrodes because the material removal rate is higher for the solid copper
rod, which tends to increase the surface roughness. The combination is like tool wear,
IpITponl1Vgl. Since surface roughness also follows, the smaller is the better criterion, and
mean values are lowest at this point, as can be inferred from the mean plot. The surface
roughness values increase with an increment in pulse current, pulse on time and gap voltage.
These results are somewhat interrelated with the MRR values. Since there is an increase in
MRR values at these parameters, leading to irregularities and micro craters, which will increase

the surface roughness values.

112



Mean of Means

Mean of SN ratios

(d) Mean effect plot of SN ratios (SR) for Ip

7.5 = RC ' N 7.5/ RC ' '
—e - SC ’ — e SC
7.0 7.0 e
6.5 - 265 -
ol c 6.5 -
P .
6.0 o . = 6.0
g Y
° |
5.51 — € 5.5 -
[}
5.0 - = 50- e
4.5+ 454 "
40 T T T 4.0 T T T
0.5 1.0 1.5 50 100 150
Ip Ton
(a) Mean effect plot of SR for Ip (b) Mean effect plot of SR for Ton
7.5+ = RC ' '
—e—SC
7.0 7 -
@
]
= 6.0
3
2
S 5.5 =
]
= 5.0 -
4.5
4-0 T T T
50 65 80
Vg
(c) Mean effect plot of SR for Vg
A2 17— - 12— :
—= RC —= RC
-13 - N SC 13- - - SC
8
-14 4 m '*§-14- —
z —
-15- — ® 15 .
- e
[} o
-16- g '16' [
(V]
L= = —0—
17 4 = 17 —e
i J
'18 T T T '18 T T T
0.5 1.0 1.5 50 100 150
Ip Ton

(e) Mean effect plot of SN ratios (SR) for Ton

113



~ = RC

=13 - o
o -
dé- -1 4 T a
: ,
0 15- |
Y
[e]
[
g1%1 -
s — )

=17 -

-18

_ - 80
Vg

(f) Mean effect plot of SN ratios (SR) for Vg

Figure 6.7: Main effect and SN ratios plot for SR for RC and SC electrode

The response and signal-to-noise ratio values of surface roughness for RC electrodes are
shown in Table 6.18 and Table 6.19, respectively. The pulse current is the most dominating
factor, followed by the pulse on time and gap voltage. The ANOVA result is shown in Table
6.20. The response and signal-to-noise ratio values of surface roughness for SC electrodes are
shown in Tables 6.21 and 6.22, respectively. The current is the most influential factor. The
ANOVA result is shown in Table 6.23 also shows current, pulse on time and gap voltage as

significant factors, with current being relatively more dominant than the other two.

Rapid casting electrode

Table 6.18: Response table for SR Table 6.19: Response table for S/N ratios

Level Ip | Ton | Vg Levell Ip | Ton | Vg
1 14.360[4.580]|4.756 1 |-12.65|-13.05|-13.37
2 |5.017|5.033]5.023 2 |-13.99]-13.97|-13.87
3 |5.874/5.638|5.472 3 |-15.37|-14.99|-14.76

Delta|1.515/1.059]0.716 Delta| 2.71] 1.94| 1.39

Rank| 1 2 3 Rank| 1 2 3

Table 6.20: ANOVA for SR

Source | DF| Adj SS|Adj MS| F-Value| P-Value
Ip 2|13.46164|1.73082| 101.50] 0.010
Ton 2(1.69245|0.84623| 49.62]  0.020
Vg 210.7849510.39247| 23.02] 0.042

Error 210.03411]0.01705

Total 8|5.97314
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Solid copper electrode

Table 6.21: Response table for SR Table 6.22: Response table for S/N ratios

Level| Ip | Ton | Vg Levell Ip | Ton | Vg
1 [5.95116.262|6.467 1 -15.46|-15.87|-16.14
2 ]6.687/6.680|6.686 2 -16.50(-16.47|-16.44
3 |7.414/7.110]6.899 3 -17.39|-17.01]-16.77
Delta |1.464({0.849(0.432 Delta| 1.94] 1.15] 0.63
Rank| 1 2 3 Rank| 1 2 3
Table 6.23: ANOVA for SR
Source | DF| Adj SS|Adj MS| F-Value| P-Value
Ip 2|3.21413]1.60706] 1838.02]  0.001
Ton 2|1.08001]0.54001] 617.61]  0.002
Vg 2|0.28037|0.14018| 160.33]  0.006
Error 210.00175]0.00087
Total 8|4.57626

6.3.2. Prediction of responses using a regression equation

The regression equations of the responses are modelled using input parameters. The
equation is used for predicting the response value at different input parameter settings. The

equation for the MRR, TW and SR is given below:

6.3.2.1. Rapid casting electrode

MRR = -0.167+ 0.5557 Ip + 0.001448 Ton + 0.00194 Vg

T™W

0.01268 + 0.03777 Ip + 0.000088 Ton + 0.000635 Vg

SR

0.960 + 1.515 Ip + 0.01059 Ton + 0.02386 Vg

6.3.2.2. Solid copper electrode

MRR = -0.194 +0.7386 Ip + 0.001758 Ton + 0.00329 Vg

™W

0.00216 + 0.03699 Ip + 0.000072 Ton + 0.000657 Vg

SR

3.4349 + 1.4638 Ip + 0.008485 Ton + 0.01441 Vg

6.3.3. Confirmation experiments

The three confirmation experiments are carried out at optimal parameter settings. The
average value is taken for the output responses. Tables 6.24 (RC electrode) and 6.25 (SC

electrode) compare the predicted output response with confirmation results. The error between
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the predicted and confirmation experiment values is within the permissible limit. Thus, the

developed model can be used to predict the response values.

Table 6.24: Verification experiments for rapid casting electrode

SR. Optimal | Predicted | xPerimental |
N Responses ] Value YoError
o. sequence value
(average)
1. MRR Ip;Ton;Vg; 1.039 1.115 7.33
2. T™W IpiTon Vg 0.068 0.063 7.94
3. SR IpiTon Vg 3.440 3.241 6.14

Table 6.25: Verification experiments for solid copper electrode

. Experimental
SR. Responses | Sequence Predicted Value %Error
No. value
(average)
1. MRR IpsTon3Vgs 1.441 1.354 6.42
2. T™™W IpiTon; Vg 0.057 0.053 7.55
3. SR IpiTon Vg 5.312 4.899 8.43

6.4. Application of the current work

As mentioned in the introduction section, the EDM tool developed using current method
can be developed for surface modification of free form surfaces specifically medical implants.
The texture developed using EDM enhances cell growth and thus results in faster patient
recovery[122], [123]. To demonstrate application of developed tool a Ti6Al4V component is
printed, shown in Figure 6.8(a). The component is bottom portion of femur bone implant,
Figure 6.8(b). Only portion of actual implant is printed for demonstration, and it will be
integrating with body, where cell integration is expected. To develop the EDM tool for
modifying surface of the printed implant, mould is printed using SLS. Figures 6.8(c) shows the
CAD model and (d) shows the 3D printed part. The tool cased out of the mould is shown in
Figure 23(d). The casted tool is electroplated, shown in Figure 6.8(e). The freeform EDM tool
developed is used for surface modification of the Ti4Al 4V6 implant portion in EDM machine
shown in Figures 6.8(g) and (h). Figures 6.8 (i) and (j) shown the implant surface before and
after machining. It can be observed that the developed tool has successfully modified the

implant surface, which will improve patient recovery in real life.
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(a) 3D printed implant (b) Femur bone implant

(g) etting of tool and workpiece (h) Testing of tool
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(i) Surface before machining (j) Surface after machining
Figure 6.8: Testing of free form EDM electrode on implant

6.5. Conclusions and Future Scope

The current chapter deals with testing developed EDM electrodes on EDM machines.
The cast and electroplated electrode is used as an EDM tool. The pulse current, pulse on time
and gap voltage are chosen as input parameters. At the same time, material removal rate, tool
wear and surface roughness are measured for the machined sample. The machining is done for
30 mins. The Taguchi L9 experiments were performed, and subsequent optimisation was
carried out to find the optimal machining parameters. The performance is compared with the

solid copper rod. Some important points inferred from the optimization are as follows:

e The MRR, TW and SR increase with an increase in pulse current, pulse on time and
gap voltage for both RC and SC electrodes. The pulse current is the most influential

factor out of the three, largely affecting all three responses.

e The MRR and surface roughness of the solid copper electrode is greater than the RC
electrode. The tool wear of the SC electrode is lesser than the RC electrode due to the
superior wear-resistant properties of copper compared to eutectic Sn-Bi. Also, the
melting point of the copper is far greater than the melting point of eutectic Sn-bi, so it
1s more resistant to heat and, therefore, less erosion of the tool occurs. Overall, the
performance of the RC electrodes is comparable and in agreement with the solid copper

electrodes.

e Thus, the solid copper tool can be utilized for rough machining operations where high
MRR is the desired criterion. In contrast, RC electrodes can be used for semi-roughing
to finish operations. The confirmation experiments are also carried out for both the
electrodes and experimental values are in control error limits with the predicted values
and lie in the confidence interval of confirmation experiments. The developed work can
be successfully employed for rapid tooling applications, saving both time and cost in

designing and fabricating complex tooling electrodes.
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Further for practical demonstration of the current method, a EDM tool has been
developed for a surface modification of a femur bone implant. The developed tool is
successfully able to modify the Ti4Al6V femur implant surface. The maximum depth
achieved is 150 microns in 30 minutes of machining. The future scope of the current
work lies in the performing detailed studies with different types of free form sections
and identifying the compensation that can be added to CAD model so that desired

dimension can be achieved.
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Chapter 7: Conclusion and Future Scope

7.1. Overall Conclusion

The overall conclusion of the thesis is presented on developing rapid tooling techniques

for manufacturing EDM electrodes using LMPA. The work started with developing a

customized FDM system and LMPA filament for depositing the same. The profile resulting

from the FDM of LMPA is not capable of making it an EDM electrode due to the difference in

properties of LMPA and polymer. Therefore, various AM techniques are utilized for printing

the mould for casting LMPA. The electroplating system is developed for electroplating the cast

LMPA with copper. The plated electrode is tested on the EDM machine. The following

important points can be inferred from the current work.

The FDM setup is developed with a customized direct-type extruder assembly for
depositing LMPA(Sn89Bi9Cu). The material is entirely new. Therefore, the process
window identification of the printing parameters is identified. The impact of the above-
mentioned parameter settings on material print quality has also been demonstrated and
assessed. The process for the experiment begins with the identification of the shape of
the extruded material through purging, which turns out to be a drop, in contrast to the
polymer and extrusion temperature identified in the region of 215 -235°C. It was
discovered that depositing material with a bed temperature of 90°C resulted in proper
layer bonding. The materials were successfully deposited at print rates of 60 and 30
mm/min, respectively. However, some discontinuity was related to particular parameter
settings, which were examined using infrared images obtained by a thermal camera.
The discontinuity in deposition resulted whenever the temperature during the
deposition falls below 210°C. The thickness, bonding, and width at a print speed of 30
mm/min were better than 60 mm/min when observed under a digital microscope.

Reducing print speed to 15 mm/min resulted in discontinuous deposition.

The following series of trials involved changing the filament length at the input to 85%
and 70% of its original value, with print rates of 60 and 30 mm/min. The findings of
interlayer bonding experiments using variations in filament length (E) revealed that E
85% and print speed 30 mm/min were the best combinations. Variation in layer height
was also used in the trials, and the effect on interlayer bonding and bead thickness was
noted. The layer height was varied from 0.9 -0.8mm. The input filament diameter is

2.85 mm, and 0.8 mm was the minimum achieved layer height. Further reduction in
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layer height is tried through a lower diameter nozzle, but it resulted in backflow of
material due to the drop-like properties of LMPA. After analyzing all of the data, it was
determined that the print speed of 30 mm/min, the E value of 85%, and the layer height
value of 0.9 mm at a temperature range of 230-235 °C were the optimal parameters for
deposition since they produced a consistent layer width, thickness, and considerable
amount of bonding. Continuous deposition happens at a higher extrusion temperature
as print speed and layer height drop. The optimal parameters were established for single

and multiple layers' circular and square profiles.

While depositing circular and square profiles of LMPA through FDM, Spot creation
due to the accumulation of drops is an issue at the end of one profile and the beginning
of the other. Therefore, the dwell and extraction procedure is applied to enhance the
outcome. Additionally deposited are the multilayer hollow circular and square profiles.
The cuboid is finally deposited through FDM with some modification in the G and M
codes. The cuboid is then electroplated and deposited, with the possibility of using it
for quick tooling. However, further improvement is required to use the resulting profile
as a machining tool. The literature analysis further suggests that, in contrast to
polymers, printing a complete and accurate profile through a low melting point alloy is
difficult. Given that the two have completely distinct qualities. The polymers are denser
than the low melting point alloy, and when heated, they create a semi-solid paste-like
structure, which aids in deposition. The optical microscope was used to examine the
microstructure of the parent and deposited materials. For the deposited bead, a
homogeneous microstructure was produced. Dendrites formed in the beads, with tiny
grains in the centre, columnar dendrites towards the centre, and linear dendrites at the

edges.

The LMPA in the second approach is now cast inside a 3D-printed mould to be used as
an EDM tool. The Fusion 360 software was used to design the casting mould with the
necessary dimensions. SLA, SLS, FDM and VC were the four methods used to create
the intended mould. After 3D scanning the printed parts, point cloud data was compared
with the CAD model to find out the possible dimensional deviation. After melting, the
eutectic Sn-Bi alloy was poured into the mould. After separating the pattern, the mould
underwent another 3D scan to check for further potential dimensional deviations. As a

result, the scanning process was divided into two phases: used and unused casting
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moulds. The average and maximum deviation of the printed moulds were noted using

the scanned result, and a comparison of the various AM methods was made.

SLA moulds have the least dimensional fluctuation, while VC moulds have the most.
The dimension of the resulting pattern was also measured, and the variance follows the
same pattern: the SLA mould produces the least variation, while the VC mould
produces the most. The surface roughness of the unused and utilized mould and pattern
was measured. The mechanism is that hot molten metal tends to smoothen the surface
of the mould, resulting in a less rough surface of the utilized mould. The pattern has the
least surface roughness for all techniques, followed by used and unused mould. Among
the techniques, the VC pattern has the best surface finish, followed by SLA, SLS, and
FDM. SLA is used to print the master pattern in VC. In SLA, the use of liquid resin and
thinner layers results in fine surface quality and exact components. At the same time,
abnormalities in powder particle size in SLS and material flow fluctuation in FDM
result in increased surface roughness. The SLA pattern is the best overall in terms of
dimensional accuracy and surface roughness. However, when used repeatedly, the SLS
design exhibits the least dimensional deviation, whereas the SLA mould is expanded.
As a result, SLS mould is used for continuous electrode production. SEM was used to
examine the microstructure of the casted alloy. The presence of nickel and iron in casted
Sn-Bi alloy is confirmed by EDS analysis. The XRD peak confirms the presence of Sn-
Bi.

The electroplating setup is developed for electroplating the cast alloy. The pattern is
electroplated in three steps to achieve the optimal plating parameters. The first stage is
variable current density (70 — 200 mA/cm2), which results in unstable copper deposits
peeling off the surface. The second stage is constant current density (70 mA/cm™)
without agitating the mixture; copper deposits are stable this time, unlike the previous
stage. However, considerable flaking from the surface remains. The following step is
to maintain a constant current density by stirring the liquid, resulting in a stable copper
deposit. After determining the best parameters and conditions, the copper plating
thickness is measured over time. SEM is used to examine the microstructure of the
plated electrodes at various stages. The EDX test reveals the presence of pure copper.
The plating procedure was continued until a thickness of around 1 mm was reached.
After 200 minutes of plating, an average copper plating thickness of 1.053 mm is

achieved.
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The developed electrodes are tested in the die-sinking EDM machine for its
performance as a tool. The pulse current, pulse on time, and gap voltage are chosen as
input parameters. At the same time, the machined sample's material removal rate, tool
wear, and surface roughness are measured. The machining takes 30 minutes. The
Taguchi L9 experiments were carried out, followed by optimisation to determine the
best machining parameters. The performance of the solid copper rod is compared.
Increases in pulse current, pulse on time, and gap voltage enhance the MRR, TW, and
SR for both RC and SC electrodes. The pulse current is the most influential among the

three input parameters for all the output responses.

The solid copper electrode has a higher MRR and surface roughness than the RC
electrode. The SC electrode has similar tool wear and lesser tool wear in some cases
due to copper's greater wear-resistant characteristics when compared to eutectic Sn-Bi.
Furthermore, because copper has a far higher melting point than eutectic Sn-bi, it is
more resistant to heat and hence causes less tool erosion. Overall, the RC electrode's

performance is comparable to solid copper electrodes.

As a result, the solid copper tool can be used for rough machining operations where
high MRR is desired. RC electrodes, on the other hand, can be utilized for semi-
roughing to finishing procedures. Confirmation experiments are also performed for
both electrodes, and the experimental values are within control error limits with the
predicted values and within the confirmation experiment confidence interval. The
presented work can be effectively used for rapid tooling applications, saving time and

money in designing and fabricating complex tooling electrodes.

Further for practical demonstration of the current method, a EDM tool has been
developed for a surface modification of a bone implant. The design of the mould for
casting the free form tool is inherited from the femur bone implant. The mould is
designed in three piece which facilitate easy removal of the cast pattern from the mould.
The cast pattern is electroplated and is successfully able to modify the Ti4Al6V femur

implant surface.

7.2. Novelty of the research work

The optimal printing parameters for printing Sn89Bi9Cu using FDM are identified,

which has not been done previously.
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7.3.

The eutectic sn-bi has been deposited in the casting mould made through SLS, SLA,

FDM and VC for possible application in rapid tooling, which is an entirely new idea.

The electroplating parameters for plating eutectic Sn-Bi with copper have been

1dentified.

The copper-plated tool with the base LMPA is used as an EDM tool for the first time,

and developing a free-form tool through the suggested path is a novel approach.

Future Scope

The 3D printing of LMPA using FDM can be directly utilized for printing metallic parts
to be used in automobiles, electronics, aerospace industries, etc. Although the scope lies

in more control of printing parameters for improving the level of bonding, fusion, etc.

The suggested rapid tooling path can prepare the complex and customized profile of
the tool. A more efficient mould design can be utilized for the same. The complex tool
will make the AM tool more time and cost-effective as compared to the conventional
way of preparing it. The future scope also lies with more experiments of developed

tools in EDM with different profiles.

The future scope also lies in the performing detailed studies with different types of free
form sections and identifying the compensation that can be added to CAD model so

that desired dimension can be achieved.
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APPENDIX

Analysis of variance

Statistical analysis of the experimental results is carried out by analysis of variance
(ANOVA). ANOVA is a computational technique that enables the estimation of each control
factor's relative contribution to the overall measured responses and expresses it as a percentage.
ANOVA uses a mathematical technique known as the sum of squares to quantitatively examine
the deviation of the control factor response average from the overall experimental mean
responses, which is referred to as the variation between the control factors. The significance of
the individual and interaction effects is quantified by comparing the variance between the
control factors' effects against the variance in the experiment data due to random experimental

CITor.

The variation of the data due to random experimental variability and interaction is
referred to as the variation within the control factors that make up the experiment. This ratio is
referred to as the F- ratio and can be formed between the control factor's effect variance (the
mean square due to experimental error). The ANOVA process permits us to gain insight into
which factors have main effects, interaction effects, less significance and noise. This helps in
deciding the factors that are most relevant for performing the desired analysis, thereby
enhancing product robustness. Response equations for all the target parameters are developed

based on the mean responses.
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