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Extended Abstract

Additive manufacturing (AM) is a bottom-up approach based manufacturing
philosophy in which a product is manufactured directly from its computer-aided design
(CAD) model by depositing the material in thin successive layers in such a way that good
mechanical properties, dimensional accuracy and surface finish are achieved along with
sound metallurgical bonding between the deposited layers. AM processes are generally
material-efficient because they incur a small loss of the product material than subtractive,
primary accretion (i.e. casting, powder metallurgy), and deformative type manufacturing
processes. Being material-efficient makes them energy saving and consequently
environment friendly as well. They offer following worth-mentioning advantages over
other processes: (i) ability to additively manufacture a part of complex geometry made of
diverse materials such as polymer, composites or metallic materials; (ii) ability to
economically repair damaged components or products which are very expensive, complex
and require longer delivery time; (iii) ability and more flexibility to add delicate features
to an existing component; (iv) ability to modify surfaces of a product by coating and/or
texturing; (v) reduced design-to-market time and material procurement time and
consequently reduced cost of the manufactured product (Nikam et al., 2016). Therefore,
AM has generated a lot of research interest and industry expectations in the recent times.
Some worth-mentioning applications of AM include rapid prototyping (RP), rapid tooling
(RT), rapid manufacturing (RM) of an actual part, surface modification, surface coating,
repairing and remanufacturing.

Type of energy source used in AM processes is one of the most important criteria
distinguishing between them. Arc [such as gas tungsten arc (GTA) or plasma transferred
arc (PTA)] and high-energy beam [such as laser or electron beam] are the commonly used
heat source. Arc-based AM processes have some major advantages such as higher
deposition efficiency, lower capital and maintenance costs but they yield poor deposition
quality having higher dilution, porosity and oxides and are energy inefficient. High-energy
beam-based AM processes have more focused and precisely controlled heat source than
the arc-based AM processes. However, they suffer from major drawbacks such as poor
energy conversion efficiency and higher capital cost, operating cost, and maintenance cost.
Suryakumar et al. (2011) reported that the deposition rate achieved by high-energy beam-
based AM processes is of the order of 2-10 g/min whereas arc-based AM processes can

achieve it in the range of 50-130 g/min. Jhavar et al. (2014) developed micro-plasma wire
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deposition (u-PTAWND) process to bridge the gaps between capabilities of arc-based and
high-energy beam-based AM processes. But, this process cannot be used for good quality
deposition of those materials which are very difficult to be drawn in the form of wire (i.e.
hard and/or brittle metals and alloys, refractory materials, ceramics, some composites,
functionally graded materials). Moreover, use of deposition material in powdered form
enables (i) attainment of higher deposition rate; (ii) better metallurgical bond between
different deposition layers as well as deposition and the substrate materials; and (iii) better
control over the deposition geometry. Therefore, this present work is aimed to develop an
energy-efficient and cost-effective process referred to as micro-plasma transferred arc
powder deposition (U-PTAPD) process for various AM applications of the metallic
materials with following research objectives:

» To develop experimental apparatus for u-PTAPD process for various AM applications
of the metallic materials with programming movement of the micro-plasma deposition
head along X, y, and z axes by microcontroller.

» To study the characteristics of single-layer multi-track coating of Stellite powder on
steel substrate by u-PTAPD process.

» To compare the capabilities of u-PTAPD process with laser and PTA-based processes
for coating of Stellite.

» To study the characteristics of multi-layer single-track deposition of titanium alloy by
u-PTAPD process using continuous and dwell-time modes.

» To study the influence of dimple and spot texturing by p-PTAPD process on HSS tool
in machining of titanium alloy and to compare the performance of textured HSS tools
with non-textured tool in terms of machining forces, temperature and wear of the tool,
chip formation, and workpiece surface roughness.

* To develop a mathematical model of dilution of deposition by u-PTAPD process.

1. Experimental Apparatus
Figures la and 1b show schematic diagram and photograph of the experimental

apparatus respectively for u-PTAPD process developed by integrating the following (i)

micro-plasma power supply system capable of supplying constant value of DC voltage 22

volts and provision to vary current from 0.1 to 20 A with an increment of 0.1 A. It can

supply power both in continuous and pulsed modes, (ii) in-house developed powder
feeding system to ensure an uninterrupted supply of the deposition material in powdered
form with particle size ranging from 20 to 200 um. It consists of a hopper to store the

powder which is supplied to the deposition head by means of pressurized argon supplied at
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constant flow rate of 0.5 NI/min. Mass flow rate of the powder can be varied by changing
rotation of a metering shaft driven by DC motor, (iii) in-house developed deposition head
consisting of the p-plasma torch surrounded by 4 equi-spaced inclined nozzles placed at
its periphery. It also provides argon shielding-gas during the deposition process to protect
the molten pool against oxidation, and (iv) arduino based microcontroller to control

movement of the deposition head along X, Y and Z axes.
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Fig. 1: (a) Schematic view and (b) photograph of the experimental apparatus developed
for u-PTAPD process.



2. Study on Coating of Stellite 6 on AISI 4130 Steel Substrate

Coatings play significant roles to improve performance and life of those parts which
operate in adverse environments and require resistance to different types of wear such as
fretting, surface fatigue, corrosion, erosion, abrasion, adhesion, and diffusion. Stellite is a
cobalt-based alloy which exhibits very good resistance to erosive and corrosive wear
particularly, at higher operating temperature due to intermetallic compounds and carbides
formed in its coating (Luo et al., 2012). The experiments were conducted in four stages
with objectives to (i) identify optimum values of important parameters of pu-PTAPD
process for single-layer multi-track coating of powdered Stellite 6 (with particle size
ranging from 50 to 106 um) on AISI 4130 steel substrate; and (ii) to compare itS
capabilities with laser-based and PTA-based deposition processes for Stellite coating in
terms of dilution, deposition thickness, microstructure, secondary dendritic arm spacing
(SDAS), micro-hardness and abrasive wear resistance. In the 1% stage, pilot experiments
were conducted varying six significant parameters of u-PTAPD process namely micro-
plasma power, travel speed of worktable, powder mass flow rate, shielding gas flow rate,
plasma gas flow rate and stand-off distance to identify their values for the main
experiments which will ensure continuous uniform single-layer single-track deposition of
Stellite. The identified values for the main experiments were: 407; 418; and 429 W for
micro-plasma power, 80; 100; and 125 mm/min for travel speed of worktable, 1.7; 2.9;
and 3.5 g/min for powder mass flow rate, 3.5 normal liter per minute for shielding gas
flow rate, 0.3 normal liter per minute for plasma gas flow rate and 8 mm for stand-off
distance. Twenty-seven main experiments were performed in the 2" stage to identify
optimum values of micro-plasma power (as 407 W), travel speed of worktable (as 125
mm/min), powder mass flow rate (as 3.5 g/min) to ensure minimum energy consumption
and dilution of single-layer single-track deposition of Stellite by u-PTAPD process. Four
experiments were conducted in the 3" stage using 10%; 20%; 30%; and 40% overlapping
between two successive tracks and using the identified optimum values from the main
experiments in single-layer multi-track deposition of Stellite to identify optimum value of
overlapping considering minimum dilution and maximum deposition height as selection
criteria. These experiments found 30% overlapping as the optimum value. These identified
optimum values were used in the 4™ stage experimentation to compare the considered
characteristics of single-layer multi-track coatings of Stellite manufactured by p-PTAPD,
Nd-YAG laser-based, and PTA-based deposition processes. The parameters used in Nd-
YAG laser-based deposition included: power: 2 kW, spot size: 4 mm, travel speed: 480



mm/min, and powder mass flow rate: 11 g/min. The parameters used in PTA-based
deposition were: current: 95 A, voltage: 22.5 V, travel speed: 180 mm/min, powder mass
flow rate: 21 g/min; plasma gas (argon) flow rate: 2.1 NI/min, and shielding (argon) gas
flow rate: 2.5 NI/min.

5 T
Stellite Coating

pes. YRS

Substrate

Fig. 2: Optical micrographs showing cross-section of the coatings of Stellite-6
manufactured by (a) u-PTAPD; (b) laser deposition; and (c) PTAD processes.
Table 1: Mean values of SDAS, cooling rate, dilution and coating thickness for different

processes of Stellite coating.

Stellite coating SDAS N\’ Cooling rate ‘R’ Dilution Coating
process (um) (°Cls) (%) thickness (mm)
n-PTAPD 1.74 6.69 x 103 6.3 0.7

Laser deposition  1.72 6.93 x 10° 5.8 0.9

PTAD 6.79 1.12 x 10? 215 2.6

2.1 Some Significant Results

e The optical images of the Stellite coatings by u-PTAPD (Fig. 2a) and laser-based (Fig.
2b) deposition processes reveal that they have good surface appearance, smaller HAZ,
excellent metallurgical bond with the substrate and are free from the defects such as
cracks and porosity. In contrast, optical image of the Stellite coating by PTAD process
(Figure 2c) shows presence of blowholes and cracks which may be due to trapped gasses
and varying contraction during the solidification. It also indicates larger HAZ which is

caused by more amount of heat used in PTAD process.
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e |t can be observed from Table 1 that u-PTAPD and laser-based deposition processes are
capable of manufacturing coatings of thickness less than 1 mm with lower dilution, finer
dendritic structure, and smaller SDAS value than the coating manufactured by PTAD.
Smaller SDAS result in finer dendritic structure due to higher cooling rate in u-PTAPD
(6.69 x 103 °C/s) and laser deposition (6.93 x 10 °C/s) processes.

e Phase analysis of Stellite coatings manufactured by all three processes by XRD revealed
presence of &-Co having HCP crystal structure and a-Co having FCC crystal structure
mixed with chromium-rich carbides (Cr23Cs, Ci7C3), and tungsten containing complex
carbide (W-C). These carbides are responsible for higher hardness and wear resistance
of Stellite coating.

e Evaluation of micro-hardness profile revealed that Stellite coating by p-PTAPD and
laser-based deposition processes had almost similar micro-hardness i.e. 553 and 551 HV
respectively which is much higher than the coating manufactured by PTAD process (501
HV). This is due to higher cooling rates in u-PTAPD and laser-based deposition which
result in formation of finer carbides which impart higher micro-hardness whereas, lower
cooling rate in PTAD process (i.e. 1.12 x 102 °C/s) results in formation of a coarser
carbides and higher heat input results in higher dilution (i.e. 21.5%).

e Coatings manufactured by laser-based and p-PTAPD processes showed lower wear
volume than the coating manufactured by PTAD process for all the values of sliding
distance (Fig. 3) due to formation of finer carbides, lower dilution and higher micro-
hardness of Stellite coatings. Wear volume of PTAD manufactured coating increases

drastically after 400 m sliding distance due to extensive ploughing of the coating.
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Fig. 3: Variation of wear volume with the sliding distance for the coatings of Stellite 6
manufactured by pu-PTAPD, laser deposition and PTAD processes.
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3. Study on Multi-layer Single-track Deposition of Ti-6Al-4V
Higher strength-to-weight ratio, fracture toughness and excellent biocompatibility and

corrosion resistance of titanium and its alloys have led to their extensive and varied
applications in biomedical, aerospace, power generation, gas turbines, automotive etc.
(Mahamood and Akinlabi, 2017). The experimental study was conducted in three stages to
(i) identify optimum values of six influential parameters of u-PTAPD process (i.e. micro-
plasma power, travel speed of deposition head, powder mass flow rate, shielding gas flow
rate, plasma gas flow rate and stand-off distance) for multi-layer single-track deposition of
Ti-6Al-4V on the substrate of same material; and (ii) study their effects on deposition
characteristics, tensile properties, microstructure evolution, microhardness, and wear
characteristics. Pilot experiments were conducted in the 1% stage to identify those feasible
values of six considered parameters of u-PTAPD process for the main experiments which
will ensure continuous single-layer single-track deposition of Ti-6Al-4V powder on the
substrate of same material. The identified values for the main experiments were: 418; 429;
and 440 W for micro-plasma power, 52; 57; and 62 mm/min for travel speed of the
deposition head, 1.5; 2.1; and 2.7 g/min for powder mass flow rate, 5 NI/min for shielding
gas (i.e. argon) flow rate, 0.3 NI/min for plasma gas (i.e. argon) flow rate and 10 mm for
stand-off-distance. Twenty-seven main experiments were conducted in the 2" stage by
varying micro-plasma power, powder mass flow rate and travel speed of the deposition
head to identify their optimum values considering minimum energy consumption aspects.
Identified optimum values were: micro-plasma power as 418 W; powder mass flow rate as
2.7 g/min; and travel speed of deposition head as 62 mm/min. In the 3 stage of
experimentation, thin wall structures of Ti-6Al-4V were made by moving the deposition
head in following two ways for its multi-layer single-track deposition by p-PTAPD
process using the optimum values of the six parameters identified from the main
experiments: (i) continuous deposition: depositing the successive layers both in forward
and backward direction movement of the deposition head; and (ii) dwell-time deposition:
depositing the successive layers only in the forward direction movement of the deposition
head only when the previously deposited layer cools down to 100°C with temperature
being monitored by an infrared pyrometer.
3.1 Some Significant Results
e Dwell-time deposition of Ti-6Al-4V vyielded lower total wall width (3.73 mm) and

higher effective wall width (3.51 mm) than that by continuous deposition (4.1 mm and

3.32 mm, respectively). This led to higher deposition efficiency (89.5%) and lower
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deposition waviness (0.11 mm) of dwell-time deposition than that given by continuous
deposition (i.e. 77.2% and 0.39 mm, respectively). This implies that a component
manufactured using continuous deposition will require more amount of finishing which
will increase cost and wastage of the deposition material.

e Optical micrograph of the continuous deposition of Ti-6Al-4V (Fig. 4a) shows inter-
layer cracks and voids formed due to non-uniform thermal expansion during the
solidification process. It indicates weak bonding between different deposition layers as
well as the deposition and substrate because continuous deposition produces higher heat
which causes higher thermal gradient between the deposition and substrate materials. In
contrast, dwell-time deposition of Ti-6Al-4V (Fig. 4b) depicts that there is no inter-layer
cracks and voids and has very good metallurgical bonding between different deposition
layers as well as between the deposition and substrate.

e SEM image of the continuous deposition (Fig. 5a) shows coarse grained microstructure
having colonies of lamellar o and B phases of titanium placed within the boundaries of
the big grains. This is due to slowing down of the solidification process by higher heat
content in continuous depositions of Ti-6Al-4V which causes larger melt pool. When the
molten material is cooled at sufficiently slow rates from the B-phase into the a-f phase
region then a-phase lamellae nucleate preferentially at B grain boundaries leading to
continuous o-layer along B-grain boundaries. These a-lamellae continue to grow until
they reach to other a-colonies nucleated at other grain boundaries. The individual a-
lamellae are separated within a-colonies by the retained B-matrix. SEM image of the
dwell-time deposition (Fig. 5b) depicts basket-weave fine microstructure which is
generally produced by faster cooling rate from B-transition temperature which reduces
both a-lamellae thickness and a-colony size. Additionally, new a-lamellae nucleated at
other grain boundaries grow perpendicularly to the existing lamellae. This leads to
formation of the basket-weave microstructure.

e Measurement of the lamellae width from the microstructures revealed that both
continuous and dwell-time depositions of Ti-6Al-4V have smaller lamellae widths in the
top portion of the deposition than that in the bottom portion. Lamellae widths of dwell-
time deposition are smaller than that of continuous deposition. This is due to faster
cooling rate in dwell-time deposition.

e Evaluation of the tensile properties showed that dwell-time deposition of Ti-6Al-4V has
higher yield and ultimate strength, and lower % elongation (i.e. 890 MPa; 930.3 MPa;
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and 13.2%, respectively) than that for the continuous deposition (i.e. 754 MPa; 788

MPa; and 18.2%, respectively). Examination of the fractured tensile specimen of dwell-

time deposition showed fine dimple rupture while that of continuous deposition

exhibited occurrence of tear ridges or elongated regions.

e Dwell-time deposition of Ti-6Al-4V had higher microhardness than continuous

deposition due to fine basket-weave microstructure.

e Dwell-time deposition showed lower wear volume and coefficient of friction than that of

continuous deposition.

(b)

Fig. 4: Optical micrograph of cross-section of the (a) continuous deposition; and (b)
dwell-time deposition of Ti-6Al-4V.
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Fig. 5: SEM images showing microstructure of the (a) continuous deposition; and (b)
dwell-time deposition of Ti-6Al-4V.



4. Study on Texturing of HSS Tool to Improve Machining of Titanium Alloys
Machining of titanium alloys using high speed steel (HSS) tool is difficult due to their
lower thermal conductivity which increases the temperature of the machining tool thus
accelerating its wear. Texturing on rake face of a machining tool has recently emerged as a
promising and environment friendly method to enhance removal of heat from the
machining zone (Wei et al., 2017). Therefore, investigations were conducted to study
influence of spot and dimple texturing by p-PTAPD process on the rake face of a single-
point machining tool made of HSS in machining of Ti-6Al-4V alloy. It was done in the
following four stages: (i) In the 1% stage, pilot experiments creating single texture on
shank of the HSS machining tool to identify feasible values of the variable parameters of
u-PTAPD process (i.e. micro-plasma power and exposure time for the dimple-texturing,
and micro-plasma power, exposure time and powder flow rate of Stellite 6 for the spot-
texturing,). The identified values for the main experiments were: 246.4; 264; and 281.6 W
of micro-plasma power and 15; 30; and 45 s values of exposure time for the dimple-
texturing and 264; 286; and 316 W for micro-plasma power; 6; 10; and 14 s for exposure
time, 1.45; 1.76; and 2.10 g/min for powder flow rate for the spot-texturing; (i) Nine main
experiments, creating single texture in each experiment, were conducted in the 2" stage by
varying identified values from the pilot experiment and used to identify optimum values
for dimple and spot texturing considering maximum aspect ratio and dilution respectively;
(iii) In the 3 stage, an array of 12 textures on rake face of the HSS machining tool were
produced using the identified optimum values of the considered variable parameters. The
spot-textured HSS tool was ground to make uniform size of the spots; and (iv) In the 4™
stage, performance of the dimple-textured, spot-textured and non-textured HSS machining
tools were compared in terms of machining forces, temperature and flank wear of the tool,
chip formation, and surface roughness of the machined workpiece during turning of the
Ti-6Al-4V cylindrical bar under flooded type coolant system. Other parameters selected
for turning of Ti-6Al-4V bar were: 45 and 105 m/min as cutting speed; 0.1 mm/revolution
as feed rate; and 1 mm as depth of cut (da Silva et al. 2013). Micro-plasma power as 264
W and exposure time as 45 seconds were identified as optimum values to obtain dimple-
texture with high aspect ratio and approximately circular shape. They were used for
producing an array of dimple texture on the rake face of the HSS machining tool and its
optical image and photograph shown in Figs. 6a and 6b. Micro-plasma power as 316 W;
exposure time as 14 seconds; and powder flow rate as 1.76 g/minute were identified as
optimum values to achieve approximately sphere-shaped spot-textures having high
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dilution ratio and minimum unmolten particles attached. These values were used to

produce an array of spot-textures on the rake face of the HSS tool and its optical image
and photograph shown in Figs. 7a and 7b.

(b)
Fig. 6: Array of dimple textures produced by u-PTAPD process on rake face of the

HSS tool: (a) optical image and; (b) photograph.

(b)

Fig. 7: Array of the spot textures produced by p-PTAPD process on rake face of the HSS
tool: (a) optical image and; (b) photograph.

4.1 Some Significant Results

e Use of spot-textured HSS tool in turning of Ti-6Al-4V resulted in least values of cutting
force, thrust force, and tool temperature than the dimple-textured and non-textured HSS
tools at different values of cutting speed. These observations can be explained with the
help of Fig. 8 which schematically shows how flow of chips over the spot-textured HSS
tool increases rake angle and reduces chip curl radius. Increase in rake angle reduces the

cutting force whereas reduction in the chip curl radius helps in chip breaking which aids
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in reduction of thrust force. Additionally, spots act as fins which enhances the heat loss
to the machining environment by increasing surface area of the rake face of the spot-
textured tool thus helping in further reduction of its temperature.

e Spot-textured tool exhibits least amount of flank wear and adhesion of workpiece
material than the dimple-textured and non-textured tools. This is due to higher
temperature of the dimple-textured and non-textured tools which increases their sticking
tendency for products of machining causing more adhesive wear of their flank surface.
Higher temperature also reduces their hardness resulting in further wear of their flank
surfaces.

e Use of spot-textured tool resulted in formation of segmented chips in turning of Ti-6Al-
4V whereas dimple-textured and non-textured tools formed long continuously curling
ribbon-like chips.

e Average surface roughness of the turned Ti-6Al-4V workpiece revealed that spot-
textured HSS tool yielded minimum values of average surface roughness ‘Ra’ of the
turned Ti-6Al-4V workpiece than the dimple-textured and non-textured HSS tools at
both the cutting speeds. This is due to spot-textured tool having lesser temperature rise
and flank wear which results in better surface finish.

. Chip
Increase in gap between

tool-chip contact

Workpiece

Fig. 8: Schematic of chip flow over the rake face of spot-textured tool during
turning of Ti-6Al-4V.

5. Mathematical Modeling of Dilution
Following mathematical model of dilution of single-layer single-track deposition as
function of u-PTAPD process parameters and materials properties was developed using

the fundamental principles of energy balance.
-1

v AH
Na Va Ps s ) % 100 (1)

(MaMm P t) — (Ma Va pa AHg)

p=(1+
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where, AHq and AHs are change in enthalpies of the deposition and substrate material
respectively (J/kg); pda and ps are densities of the deposition and substrate material
respectively (kg/mq); P is micro-plasma power (Watts); Vg is volume of deposited
powder (m®); t is deposition time; 7. is energy transfer efficiency (%)and 7 is melting
efficiency (%). The developed mathematical model for dilution of single-layer single-
track deposition was experimentally validated depositing Ti-6Al-4V powder on
substrate of the same material and depositing Stellite powder on AISI 4130 steel
substrate by pu-PTAPD process. The error between the predicted and experimental
dilution for Ti-6Al-4V deposition on the same substrate and Stellite 6 deposition on
AISI 4130 is in range from -16 to 6.41 % and -16.85 to 14.30 % respectively.

. Some Significant Conclusions

MU-PTAPD process has a capability to selectively deposit a thin and sound quality
coating of Stellite on metallic substrates. It has capability to provide better techno-
economic solution than the existing processes for Stellite coating.

Multi-layer single-track of deposition of Ti-6Al-4V alloy by u-PTAPD process using
dwell-time mode having better deposition characteristics, fine basket-weave
microstructure, tensile properties, higher microhardness and lower wear volume and
coefficient of friction. It demonstrates that u-PTAPD process has capability to
additively manufacture complex part geometry of titanium alloys.

Spot-texturing of rake face of HSS machining tool by p-PTAPD process is an
economical, effective and environment friendly method to improve machining of
titanium alloys.

M-PTAPD process is a very promising process for different additive manufacturing
applications of metallic materials. It can be used for similar as well as dissimilar

deposition and substrate materials.

Keywords: Additive manufacturing; Micro-plasma; Powder deposition; Stellite coating;
Ti-6Al-4V; Texturing.
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Chapter 1

Introduction

Manufacturing industries constantly face challenges to deliver good quality products
with maximum possible features at the lowest possible price to meet the customer
demands. This has led to the development of the advanced materials and technologies for
reducing design and manufacturing lead time. The advanced materials possess useful
unique properties such as very high strength and stiffness at elevated temperatures,
extreme hardness and brittleness, high strength to weight ratio, very good oxidation and
corrosion resistance, chemical inertness, etc. Shaping or processing of these materials is
very difficult using a conventional manufacturing process. Therefore, manufacturing
industries always look for near net-shape, productive and sustainable manufacturing
technology particularly for the products made of the advanced materials and/or products
having very complicated geometry. This is achieved by focusing use of new tools,
methods and new form of energy sources. In this context, additive manufacturing (AM)
has generated a lot of industry expectations and research interest in the recent times.

1.1 Concept of Additive Manufacturing

AM is a bottom-up approach based manufacturing philosophy in which a product is
manufactured directly from its computer-aided design (CAD) model by depositing the
material in thin successive layers as shown in Fig. 1.1. This unique feature allows
production of a complex or customized part directly from the design of CAD model
without use of expensive tooling. AM processes are generally material-efficient because
they incur a small loss of the product material than subtractive, primary accretion (i.e.
casting, powder metallurgy), and deformative type manufacturing processes. Being
material-efficient makes them energy saving and consequently environment friendly as
well (Jhavar et al., 2014). The bonding strength between the different deposition layers as
well as the between deposition and the substrate materials varies according to the
deposition energy, deposition volume, deposition pattern and the interaction time between
the deposition and substrate material. AM can be used to fabricate parts made of metals,
alloys, polymers, ceramics, composites and functionally graded materials (FGM). Some
worth-mentioning applications include biomedical (i.e. implants and prosthesis),
aerospace, power generation, gas turbines, automotive, marine, sports, oil and gas
extraction, digital cameras, mobile phones (Edwards et al., 2013). There are many

common synonyms used to describe AM include: additive fabrication (AF), additive layer



manufacturing (ALM), direct digital manufacturing (DDM), and solid freeform fabrication
(SFF).
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Fig. 1.1: Schematic of a typical additive manufacturing process.
1.2 Advantages of Additive Manufacturing

Additive manufacturing offer following worth-mentioning advantages over other
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§ . ~— Shielding gas

processes: (i) ability to additively manufacture a complex geometry part made of diverse
materials such as polymer, composites or metallic materials, (ii) ability to economically
repair the damaged components or products which are very expensive, complex and
require longer delivery time, (iii) ability and more flexibility to add delicate features to an
existing component, (iv) ability to modify surfaces of a product by coating and/or
texturing, (v) reduces design-to-market time, material procurement time, intermittent
quality checks, human errors, and planning of man power, machines and manufacturing
processes, (vi) AM reduces cost of the manufactured product (Nikam et al., 2016).
1.3 Concept of Layer and Track in Additive Manufacturing

Fig 1.2 presents the concept of deposition of layer and track used in AM process.
Following different combinations of layer and track are used for different applications of
an AM process: (i) single-layer single-track (Fig 1.2a) deposition which is typically used
for repairing/remanufacturing applications, (ii) single-layer multi-track (Fig 1.2b)
deposition in which tracks are deposited with some overlap to cover the entire top surface
of the substrate material. It is typically used for various coating applications, (iii) multi-
layer single-track (Fig 1.2c) deposition in which layers are deposited successively to
achieve the desired deposition height. It is typically used in manufacturing of thin walled



complex geometries, and (iv) multi-layer multi-track (Fig 1.2d) deposition in which layers
are deposited along the width and height of substrate to achieve the desired deposition
width and deposition height of complex geometries typically used in cladding applications
and in manufacturing of thick walled complex geometries. For multi-layer depositions
(Figs. 1.1c and 1.1d) the previously deposited layer becomes the substrate for deposition

of next layer except deposition of very first layer.

(c) (d)

Fig. 1.2: Concept of deposition of layer and track used in an AM process: (a) single-layer

single-track deposition; (b) single-layer multi-track; (c) multi-layer single-track
deposition; and (d) multi-layer multi-track deposition.

1.4 Applications of Additive Manufacturing

Initially, concept of AM was used for manufacturing model and prototype of the parts.
Recently, development of AM has been focussed on manufacturing of free-form
surfaces/geometry of the metallic components. Various applications of AM include rapid
prototyping, rapid manufacturing, rapid tooling, repairing and surface modification.
1.4.1 Rapid Prototyping

Rapid Prototyping is the fast-emerging application of AM to quickly manufacture
layer-by-layer a near-net shaped scaled prototype of a component, assembly or structure of

an existing product or a newly designed product from the CAD data for the purpose of



visualization, realization or evaluation. Rapid Prototyping models (Fig. 1.3) are also used
for replication of the product behaviour under actual service conditions and functional
testing (Gurr and Malhaupt, 2016).

Fig. 1.3: Photograph of replica of a helical gear manufactured by rapid prototyping
(Astcad, 2015).

1.4.2 Rapid Manufacturing

Rapid Manufacturing is a new area of manufacturing which is developed from a rapid
prototyping process. Rapid manufacturing uses the CAD-based automated additive
manufacturing process to construct real life products or components. It can be used for
manufacturing of fully functional, long-term end-use products, add delicate features to an
existing component and enables the creation of complex products with internal features to
increase functionality. Rapid manufacturing has been developed to shorten the design and
production cycle and promise to revolutionize many traditional manufacturing procedures.
Rapid manufacturing includes major applications in direct parts manufacturing of
components required in automotive, aerospace, household appliances and biomedical
applications (Han, 2017). Fig. 1.4 shows photograph of a turbine blade of jet engine
manufactured by rapid manufacturing

Fig. 1.4: Photograph of a turbine blade of jet engine manufactured by rapid manufacturing
(Han, 2017).



1.4.3 Rapid Tooling

Rapid tooling is the fast fabrication of the different tools or dies or moulds for different
manufacturing processes such as casting, sheet metal forming (Fig.1.5), injection
moulding, electric discharge machining (EDM), electro chemical machining (ECM)
process, etc. using a CAD-based automated additive manufacturing. These tools or dies
can be used to produce a small quantity of prototypes, samples for marketing, and initial
functional testing. Production of parts using rapid tooling ensures shorter production time

as compared to that of a conventional tool manufacturing (Afonso et al., 2017).

Fig. 1.5: Photograph of rapid sheet metal tool (Afonso et al., 2017).
1.4.4 Repairing

Engineering components such as dies, moulds, and gears are frequently subjected to
local impacts, thermal stresses, corrosion, erosion, fatigue and other severe work
environment during their service life. It results in the development of various defects
before completion of their expected service life and adversely affect their service
performance. Types of damages include various types of cracks, plastically deformed
geometries, deteriorated edges, heat checks, dents as shown in Fig. 1.6. It is highly
uneconomical to reject such components with minor defects much before their service life.
AM is a cost-effective, material-efficient, wastage and inventory reducing, and
replacement lead time saving option by economically repairing the damaged parts. (Jhavar
etal., 2013).
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Fig. 1.6: Types of defects in dies and molds (Jhavar et al., 2013).

1.4.5 Surface Modification

AM is an effective process for performing surface modification on abrasion, wear, and
heat sensitive components. AM can modify working surfaces of the critical components by
coating or texturing. It enhances operating performance and useful life of critical
components.
1.4.5.1 Coating

Surface coating plays a vital role in enhancing performance of those components that
constantly perform under adverse environment which involves either high operating
temperature, dynamic and/or fluctuating loading conditions, highly reactive environment
(i.e. corrosive, alkaline, acidic or saline), higher wearing environment (i.e. erosive,
abrasive, fretting) or their combinations. Some illustrative examples of such components
are gas turbine blades, engine exhaust valves, gate valve, dies and moulds, cutting tools,
etc. The adverse work environment leads to higher wear and tear of these components and
eventually their premature failure. Use of AM coating process for such components makes
their operation trouble-free and enhances their useful life (Lu et al., 2018). Fig.1.7 depicts
surface modification process by a laser-based AM process.
1.4.5.2 Surface Texturing

Surface texturing has recently emerged as a promising and environment friendly
method for creating growth-fostering texture on implants, texturing the metallic surface to
improve its bonding with plastics, effective heat removal from the machining zone,
texturing pattern on the tool grips and for the improving the wear resistance of the critical
components (Li et al., 2017). Various AM processes can be used for surface texturing of
different pattern such as dimple texturing, spot texturing, and groove texturing (Fig. 1.8).



Fig. 1.7: Photograph of surface modification process by a laser-based additive

manufacturing process (Lu et al., 2018).

Fig. 1.8: Photograph of the textured groove on rake face of a cutting tool (Li et al., 2017).
1.5 Challenges in Additive Manufacturing

AM faces challenges from poor surface finish, geometrical accuracy, properties, higher
cost, and material of the additive manufactured product. The AM products have poor
surface finish and geometrical accuracy due to layered deposition. It necessitates use
subsequent use of appropriate finishing processes which increases production time and
cost. Cost of an AM product increases as production volume increases unlike cost of the
products manufactured by conventional processes which decreases as production volume
increases. Moreover, AM requires support structure for manufacturing the parts and some
AM processes (energy beam-based processes) have higher capital and operating cost
which increases the cost of AM products. AM processes face lot of challenges in
deposition of the advanced materials such as titanium alloys, superalloys, shape memory
materials (SMM), composites, ceramics, FGM. Formation of defects and tensile residual

stresses is a critical problem in AM of high-melting point materials because of higher



thermal stresses caused due to rapid shrinkage of the molten pool and/or high temperature

gradients in the deposition (Lin et al., 2016).
1.6 Additive Manufacturing Processes for Metallic Materials

In first two decades of 21% century, some AM processes have been introduced,
developed and patented for metallic materials. These processes can be categorized
according to type of energy source used in an AM process which important criteria
distinguishing among them. Figure 1.9 shows classification of different AM processes for
the metallic materials according to type of energy source used by them. Energy beam and
arc are the commonly used heat source in different AM processes. Following paragraphs
briefly describe the process principle, applications, advantages and limitations of these
processes. It helps to identify the gap between the capabilities of the existing AM

processes.
AM Processes
[ |
Energy Beam-Based Arc-Based
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Fig. 1.9: Classification of the AM processes for the metallic materials according to type of
energy source.

1.6.1 Energy Beam Based Processes

Energy beam based processes use either laser or electron beam as heat source. They
have higher heat transfer efficiency and yield very good quality of deposition, but they are
very costly, provide low deposition rate, and more suitable for miniature sized AM of the
metallic materials.
1.6.1.1 Selective Laser sintering (SLS)

Selective laser sintering (SLS) is an energy beam based AM process which was

developed and patented by University of Texas at Austin in the mid-1980s. Fig. 1.10



shows its working principle schematically. In this process, the laser scans over the
powdered bed of the deposition material and selectively melts it partially or fully along
with partial melting of the previously deposited layer. After each scanning, the powder bed
is lowered by single layer thickness and a new layer of the material is applied on top and
the process is repeated until the part is completed. The complete process is performed in a
sealed box filled with an inert gas to avoid risk of explosion. This box is maintained at a
temperature just below the melting point of the deposition material. This allows the laser
to generate only a slight increase in temperature to melt the powder thus speeding up the
process. Preheating of the powder helps in defect-free deposition (Yuan et al., 2018). It
can be used for polymer (i.e. nylon, polystyrene) and metallic materials (i.e. steel, titanium
alloy). It is similar to direct metal laser sintering (DMLS). The version of the SLS which
fully melts the deposition material is called selective laser melting (SLM). SLS does not
require any support structure, because the powder bed itself can support the material to be
deposited subsequently. This reduces consumption of the deposition material and finishing
time. But, it takes more time for the products to cool down before removal from the
machine. Non-uniform size, shape and orientation of the powder particles lead to poor
microstructure of the built product. The powders used in the SLS process are generally
less hazardous than the liquids used in the stereo lithography (SL) process although some
powder can be explosive if suspended in air. Moreover, the recycled powders may contain
impurities and moisture, which can generate the defects such as porosity and inclusions in

the SLS manufactured products.
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Fig. 1.10: Working principle of the SLS process (Yuan et al., 2018).



1.6.1.2 Laser Engineered Net Shaping (LENS)

Laser engineering net shaping (LENS) process was developed by Sandia National
laboratories, USA and it was commercialized in 1997 by Optomec Design Company,
USA. Fig. 1.11 shows working principle of LENS process schematically.
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Fig. 1.11: Working principle of the LENS process (Pal¢i¢ et al., 2009).

Additive deposition of layer is carried out by fusing powdered material (which is
injected coaxially to a specific location through a deposition head) within the focal zone of
a high-power laser beam. This results in melting and solidification of the deposition
material at the desired location. The X-Y table is moved in raster manner to fabricate each
layer of the parts. The head is moved up vertically after each layer is deposited. Generally,
the process is carried out in a closed chamber filled with an inert gas or in inert shroud gas
to shield the melt pool from atmospheric gases for better control of the properties of the
AM product. This process has the potential to manufacture complete and dense
components from ceramic and metallic materials (Palc¢i¢ et al., 2009). It is very flexible
because components from different materials and having different properties can easily be
manufactured. It can be used for manufacturing the parts with specific requirements and
applications.
1.6.1.3 Electron Beam Melting

Electron beam melting (EBM) is an emerging process developed by Arcam AB
Sweden. It utilizes electron beam at relatively high voltage typically in the range of 30 to
60 kV. Fig. 1.12 shows schematic of working principle of EBM process. The process is
similar to selective laser melting with the only difference being the power source. The
process possesses advantage of very high energy density and capability to process wide

10



variety of materials. EBM is the best suited for those applications where high strength is
required because it produces extremely dense objects that matches characteristics of a
fully dense target material (Karlsson et al., 2013). Its major drawback is requirement of
vacuum environment for its operation. It also has very high installation and operating

Costs.
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Fig. 1.12: Working principle of the EBM process (Karlsson et al., 2013).

1.6.2 Arc Based Processes

The arc-based deposition processes are classified into two categories i.e. those
processes which directly use arc for material deposition and those processes which use arc
for formation of plasma which in turn provides heat for material deposition. These
processes incur lower capital and operating cost and give higher deposition rate than
energy beam based processes.
1.6.2.1 Processes Using Arc for Metal Deposition

In these processes the arc is generated between electrode and the substrate material and
it is used for metal deposition. Following paragraphs briefly describe the various arc-based

processes.
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Gas Metal Arc Deposition (GMAD): Fig. 1.13 shows schematically the working
principle of GMAD process in which an electric arc is formed between a consumable wire
electrode made of the deposition material (connected to negative terminal of DC power
supply) and the substrate (connected to positive terminal of the DC power supply). The arc
heats the substrate and the deposition material causing them to melt and fuse together. A
shielding gas is provided through the deposition head, along with the wire electrode,
which shields the deposition from the atmospheric contaminants (Akula et al., 2006). It is
sometime also referred as metal inert gas deposition (MIGD) or metal active gas
deposition (MAGD). It offers advantages in terms of higher deposition efficiency and
lower capital and maintenance cost. But, this process is found to be energy inefficient and

yielding poor deposition having porosity and oxides.
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Fig. 1.13: Working principle of GMAD process (Kalpakjian and schimid, 2014).
Gas Tungsten Arc Deposition (GTAD): It is the most commonly used arc-based
deposition process. Fig. 1.14 shows schematic of its working principle in which an arc is
generated between a non-consumable tungsten electrode (connected to negative terminal
of DC power supply) and the substrate (connected to positive terminal of the DC power
supply). The produced high amount of heat is used to melt the deposition material
supplied in the form of wire or powder. The process is easy to operate, highly portable and
less time consuming (Madadi et al., 2012). Sometimes, it is also referred as tungsten inert
gas deposition (TIGD). It is widely used to repair the dies due to some special qualities

such as highly concentrated arc and stability which provide controlled track deposition.
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Fig. 1.14: Working principle of GTAD process (Kalpakjian and schimid, 2014).

1.6.2.2 Processes Using Arc for Plasma Formation

In these processes, a pilot arc is generated inside the deposition head which generates
the plasma between the deposition head and substrate. Following paragraphs briefly
describe the processes which use arc for plasma formation.
Plasma Transferred Arc Deposition (PTAD): It is an advanced form of GTAD process
in which a pilot arc is produced, as shown in Fig. 1.15, between the negatively charged
tungsten electrode and the positively charged constricting nozzle generally made of
copper. This pilot arc ionizes the plasma gas thus forming its high power plasma between
the deposition head and the substrate. This plasma can produce an instantaneous
temperature of the order of 25,000°C. This plasma is forced to pass through the constricted
nozzle the deposition head thus accelerating it towards the substrate. The positioning of
the non-consumable electrode within the deposition head is the key difference between
GTAD and PTAD processes. The PTAD gives better results than GTAD in terms of
efficiency, quality of deposition and cost of production. PTAD offers option to operate it
in the straight, reverse and variable polarities. The plasma jet of PTAD and shielding gas
prevent entry of the surrounding gases to the deposition zone and thereby providing a
better shield to avoid atmospheric contamination. The PTAD process has advantages of
higher deposition rates, and lower costs operation as compared to the energy beam

processes (Motallebzadeh et al., 2015).
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Fig. 1.15: Working principle of PTAD process.

Micro-plasma Transferred Arc Deposition (u-PTAD): With the advancement in digital
power supply and process control, it has become possible to develop micro-version of
PTAD process referred as micro-plasma transferred arc deposition (u-PTAD) process
which can be operated at very low current of the order of 0.1 mA with finer control. The
principle of plasma generation in the u-PTAD process is essentially same as that in the
PTAD process. This enables the u-PTAD process to generate precisely controlled and
focused micro-plasma arc which gives almost negligible heat affected zone (HAZ), low
material distortion, deeper penetration. Additionally, it offers advantages such as improved
steady arc direction and stability. The equipment can be automated with the use of a
computer numerical controlled (CNC) machine or robotic arm and can be operated either
in continuous or pulsed power mode. The u-PTAD process suits best for miniature or
small amount of metal depositions which is required in the small parts manufacturing,
repairing of defective/damaged dies, gears, and similar engineering components.
Deposition materials can be used either in the form of wire, powder, or combination of
both (Jain et al, 2016).
1.7 Comparison of Wire and Powder-based AM Processes

The deposition materials can be used either in wire or powder form in an AM process.
Advantages and disadvantages of these forms help the researchers to make proper choice.
Table 1.1 compares the wire and powder-based AM processes. The wire-based AM
processes have nearly 100% deposition efficiency and less health hazardous than the
powder-based AM processes. Moreover, the wire is always in direct contact with the melt

pool on the substrate. Any inaccuracy in wire positioning and wire-feed rate disturbs the
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shape and size of melt pool. This disturbance leads to non-uniform/unsymmetrical shape
of deposition. Therefore, the positioning of the wire with respect to the substrate and its
size is critical in the wire-based AM processes. In powder-based AM processes, the major
advantage is in terms of flexibility in powder deposition rate, flexibility of mixing of
different deposition materials, attainment of higher deposition rate and better metallurgical
bond between the deposition and substrate materials. Moreover, there are very useful
materials (i.e. hard and/or brittle metals and alloys, refractory materials, ceramics, some
composites, FGM, and SMM) which are difficult to be drawn as wire but easily available
in powder form. The deposition material in powder can be supplied in three different ways
i.e. (i) powder delivery being not coaxial with heat source, (ii) continuous powder delivery
coaxial with the heat source, and (iii) discontinuous powder delivery coaxial with the heat
source (Jhavar et al., 2013).

Table 1.1: Comparison of wire and powder-based deposition processes.

Wire-based AM Processes Powder-based AM Processes

Low deposition rate High deposition rate

Higher deposition efficiency Less deposition efficiency

Control of deposition geometry is difficult Better control over deposition geometry

Metallurgical bond with the substrate is not as  Good metallurgical bond with the
good as in a powder-based AM processes substrate

Less hazardous More hazardous

1.8 Organization of the Thesis

This thesis is organized into eight chapters which explain all the aspect of the present
research objectives:

Chapter 2 presents review of the past work covering aspects of development of new
processes, process optimization and process control for the AM, coating and texturing
belonging to the categories of energy beam based and arc based AM processes for the
metallic materials. It also presents summary of review of the past work, identified research
gaps, the objectives of the present research work and the research methodology used to
meet the research objectives.

Chapter 3 presents the concept of the u-PTAPD process as well as design and
development of its experimental apparatus. It describes the different subsystems and the

components used in the development of the experimental apparatus. It also presents the
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various process parameters of u-PTAPD process as well as selection of materials for the
coating, AM and texturing purposes.

Chapter 4 presents planning and details of the experimental work, evaluation and
characterization of the responses as well as results and analyses for the Stellite coating by
M-PTAPD process. It describes the effect of travel speed of worktable on microstructure,
secondary dendritic arm spacing, line scan analysis and microhardness of the Stellite
coating. It also presents comparative evaluation of p-PTAPD, PTAD and laser-based
deposition processes in terms of morphology, wear characteristics, and microhardness of Stellite
coating.

Chapter 5 presents planning and details of the experimental investigations, evaluation
and characterization of the responses as well as results and analyses for the additive
manufacturing of titanium alloy by p-PTAPD process. It describes the effect of input
process parameters on single-layer single-track deposition characteristics such as
deposition height, deposition width, power consumption per unit mass flow rate of powder
and energy consumption per unit traverse length. It also presents details of the
characterization and analyses of multi-layer single-track deposition of Ti-6Al-4V by
continuous and dwell modes. It ends with comparison of performance of u-PTAPD with
other existing AM processes.

Chapter 6 presents planning and details of the experimental investigations, evaluation
and characterization of the responses along with the results and their analyses for the
texturing of the HSS tool by p-PTAPD process with an objective to improve performance
of material removal process of titanium alloys. It presents the effect of u-PTAPD process
parameters on dilution of the spot textures as well as on diameter, depth, and aspect ratio
of dimple textures. It also compares the performance of textured HSS tools with non-
textured high speed steel (HSS) tool in terms of machining forces, temperature and wear
of the tool, chip formation, and surface roughness of titanium alloy workpiece.

Chapter 7 describes the development of a generic mathematical model to predict
dilution of single-layer single-track deposition by u-PTAPD process along with its
experimental validation.

Chapter 8 summarizes the significant achievements and conclusions from the research
work reported in this thesis along with the identified directions for the future research

work.
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Chapter 2

Review of Past Work and Research Objectives

This chapter presents review of the past work on different AM processes for the
metallic materials belonging to categories of energy beam based and arc based processes
covering aspects of their development, optimization, control, advantages, disadvantages
and their applications for coating, additive manufacturing and texturing purposes. It also
presents summary of review of the past work, identified research gaps, the objectives of
the present research work and the research methodology used to meet the research
objectives.

2.1 Past Work on Energy Beam Based AM Processes

Energy beam (laser and electron beam) based AM processes focus energy over very
small area of substrate which generates sufficient thermal energy to melt the deposition
material (used either in powder or wire form) and fuse it with the substrate or previously
deposited layer to produce an AM product. Different researchers have worked on different
aspect of these processes during the last decade. Following three subsections present
review of past work done on additive manufacturing, coating and texturing by different
energy based AM processes.

2.1.1 Review of Past Work on Additive Manufacturing

Pal¢i¢ et al. (2009) described LENS as an innovative process which offers a
breakthrough in additive manufacturing, tools manufacturing, biomedical engineering, and
repairing of the metallic products. They presented a comparison of titanium alloy medical
implant manufactured by a conventional process and LENS. The LENS manufactured
medical implant offered advantages for practical applications such as lightweight due to its
hollow structure, easier to insert, and requiring less complicated surgery procedure without
use of any complicated instruments over the conventionally manufactured implant. Their
results also showed that the LENS manufactured medical implant also had better
mechanical properties than the conventionally manufactured implant. The LENS deposited
medical implant had rough surface which consequently improves its stabilization in the
bone.

Brandl et al. (2011) used 3.5 kW Nd:YAG laser to deposit single layers of Ti-6Al-4V
wire on Ti-6Al-4V substrate. Process parameters such as laser beam power, deposition

speed, and wire feed rate were varied to perform various experiments. Their experiments
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revealed relationship between microstructure of the deposition and the process parameters
which is helpful for repeatable and predictable manufacturing and for the understanding of
the multi-layered depositions. Microstructural characteristics of the deposition and their
dependence on various process parameters were studied. Fig. 2.1 shows photograph of 150

mm long single layers of Ti-6Al-4V deposited on same material substrate.

Fig. 2.1: Photograph of deposition of single layers of Ti-6Al-4V wire on substrate of
the same material (Brandl et al., 2011).

Heralic et al. (2012) investigated on laser metal wire deposition (LMWD) process for
solid freeform fabrication by having online process control by an integrated monitoring
system. This system continuously monitors the deposition process and maintains constant
value of stand-off distance (SOD) between the robot-held deposition head and substrate. It
ensures uniform deposition in each layer. They used their apparatus for manufacturing the
parts used in the jet engines and showed that integration of the monitoring system with
LMWD process yields very good results for automatic AM of 3D parts.

Gharbi et al. (2013) used Yb-YAG laser for multi-layer deposition of Ti-6Al-4V
powder and investigated the mechanisms responsible for its poor surface finish. They
developed an analytical model relating surface finish with the melt-pool geometry and
found that poor surface finish is due to sticking of the unmelted or partially melted powder
particles to deposition and formation of menisci of pronounced curvature radii. They
concluded that reducing the layer thickness and increasing melt-pool volume help in
improving surface finish of the multi-layer deposition.

Chandramohan et al. (2017) used Nd-YAG laser beam for multi-layer deposition of
Ti-6Al-4V powder in horizontal and vertical directions and studied effect of heat treatment
on their wear and corrosion resistance. They found that heat treatment influences more
than the build direction in determining wear and corrosion resistance of the depositions.
They also found that heat-treated specimens of vertical and horizontal depositions had

better corrosion resistance than the sintered samples of Ti-6Al-4V.
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Mahamood and Akinlabi (2017) investigated influence of laser power and flow rate
of powder on metallurgy and mechanical properties of single-layer deposition of Ti-6Al-
4V Dby laser deposition process. They identified that microhardness and the surface
roughness of Ti-6Al-4V deposition increases with increase in scanning speed and the
powder flow rate. Microstructures changed from the thick lath of basket woven to
martensitic microstructure as the scanning speed and the powder flow rate increased. They
identified optimum process parameters of laser deposition process for the sound
metallurgical and mechanical properties and better surface finish of Ti-6Al-4V deposition
which helps to reduce the necessity for secondary finishing operations.

Karlsson et al. (2013) mentioned EBM as a revolutionary technique to manufacture
the customized parts to near net-shape from different metallic materials. They compared
characteristics of the parts manufactured from two different size of powder particles of Ti-
6Al-4V by EBM and found that their microstructural and mechanical properties are not
significantly affected by size of powder particles of Ti-6Al-4V alloy.

Edwards et al. (2013) used EBM for deposition of the Ti-6Al-4V powder and
evaluated its fatigue properties. They found that fatigue performance of the EBM
deposited specimen is lower than wrought Ti-6Al-4V due to porosity and surface
roughness.

2.1.2 Review of Past Work on Coating

Jendrzejewski et al. (2008) mentioned that coatings play significant roles in
improving the surface properties of those parts which operate in adverse environments and
require resistance to wear, fatigue, fracture, corrosion, and creep. They used CO: laser
cladding process for deposition of Stellite coatings on preheated chromium steel substrate
and investigated effect of substrate preheating on the cracking susceptibility, wear, and
corrosion resistance. They obtained fine dendrite structure, low-porosity and reduction in
the cracks due to preheating of the substrate above 650 °C. They concluded that increasing
preheating temperature of the substrate decreases the corrosion and wear resistances due to
transfer of iron from the substrate to Stellite coating.

Chang et al. (2008) used advanced coaxial laser cladding (LC) to deposit Stellite
coating on the seat face of the control valves and compared with Stellite coating by
conventional PTAD process. Their results showed that the coating by the LC process
exhibited higher wear resistance, refined structure, higher hardness and toughness as

compared to the coating by the PTAD process which also had micro-cracks. They
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concluded that finer grain size obtained with the LC process helps in improving the wear
resistance. They highlighted advantages of LC process mentioning that it can deposit a
thick layer with controlled thickness on selected area of the metal substrate, has a low
energy input and causes less distortion of the component as compared to the conventional
deposition processes.

Luo et al. (2012) used advanced technology of supersonic laser deposition (SLD) that
evolved from cold spray process. In this process, powder particles are injected at the inlet
of the nozzle and accelerated by the supersonic jet stream. The subsequent high-speed
impact of powder particle with the substrate produces severe plastic deformation, resulting
in good bonding with substrate. They compared performance of SLD and LC for Stellite
deposition. Their results revealed that SLD deposited coatings had higher wear resistance,
refined structure and lesser dilution as compared to LC deposited Stellite coatings. They
concluded that wear resistance strongly depends on coating hardness and solidification
rate of the deposition.

Luo et al. (2013) used SLD process for Stellite coatings using the optimised process
parameters and compared it with the Stellite coating by high velocity oxygen fuel (HVOF)
in terms of line scan analysis and scanning electron microscopy (SEM). They found that
the coating produced by SLD process had very low dilution and porosity as compared to
the coating produced by HVOF process.

Apay and Gulenc (2016) used micro-laser wire deposition process for coating of
Stellite 6 on AISI 1015 steel substrate and studied its microstructure, microhardness and
wear characteristics. Their results revealed formation of fine dendritic microstructure in
the Stellite coating, gradual increase in hardness values from the substrate to the Stellite
coating, and increase in wear volume loss with increase in amount of the applied load.
2.1.3 Review of Past Work on Texturing

Sasi et al. (2017) used pulsed Nd-YAG laser for making of micro scale dimples on the
rake face of high speed steel (HSS) cutting tool and compared performance of textured
HSS cutting tool with non-textured cutting tool in machining of AlI7075-T6 aerospace
alloy. Their results show that use of textured cutting tools reduces cutting and thrust
forces, and tool-chip contact length as compared to the non-textured cutting tools. They
mentioned that texturing of the rake face of the cutting tools has recently emerged as a
promising and environment friendly method for reducing tool-chip contact length during

machining.
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Sugihara and Enomoto (2017) made dimple and groove textured patterns on rake
face cutting tool using Nd-YAG laser and compared the effects of the different texture
patterns on the performance of the cutting tools. They found that dimple textures on
cutting tool significantly enhance tribological behaviour and resistance to crater wear.
Their results revealed that dimple-textured cutting tool has better performance than the
groove textured cutting tool especially in the lubricated condition. They also reported that
dimensions and shapes of the texture on the cutting tool surface affect the machining
performance, but there are no rules and guidelines for designing effective textures and
these parameters are currently optimized using trial and error method only.

Li et al. (2017) mentioned that machining of titanium alloys is difficult due to their
low thermal conductivity which increases temperature of the cutting tool. They suggested
that machinability can be improved by surface texturing on the tool. They manufactured
nine different types of deep submillimeter-sized texturing on the tools using laser and
compared the performance of the textured tools with non-textured tool in terms of cutting
forces and coefficient of friction at the tool-chip interface. Their results show that parallel
textured tool yielded the best performance in reducing cutting force and improving the
friction properties on the rake face. They concluded that reduced tool-chip contact area

improves the machinability of Ti-6Al-4V.
2.2 Past Work on Arc Based AM Processes

Arc based AM processes focus energy over larger area and offer advantages in terms
of capital investment and operating cost, ease of operation, and skill of the operators over
the energy beam based AM processes. Different researchers have reported work on
different aspect of arc based AM processes during the last decade. Following two
subsections describe review of past work done on additive manufacturing, and coating by
different arc based AM processes.

2.2.1 Review of Past Work on Additive Manufacturing

Horii et al. (2009) have developed 3D micro-TIG process for rapid manufacturing the
products from the metallic materials. They used this process to manufacture 3D parts from
Inconel alloy 600 as shown in Fig. 2.2. They found that the manufactured part was fully
dense with no visible cracks and pores, and had 690 MPa tensile strength, 43% elongation
and 158 HV microhardness.
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Fig. 2.2: Freeform fabrication of Inconel alloy 600 part by 3D micro-TIG (Horii et al.,
2009).

Martina et al. (2012) introduced PTA wire deposition (PTAWD) as a novel AM
process and used it for multi-layer deposition of Ti-6Al-4V on substrate of the same
material as shown in Fig. 2.3. They studied its characteristics and achieved 93%
deposition efficiency and 1.8 kg/h as the highest deposition rate. They also found higher
microhardness of the multi-layer deposition than the substrate.
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Fig. 2.3: Photograph of multi-layer deposition of Ti-6Al-4V by PTAWD (Martina et al.,
2013).

Jhavar et al. (2014) developed cost-effective micro-plasma wire deposition (u-
PTAWD) process for small-sized deposition. They deposited straight wall of AISI P20
wire on substrate of the same material and found that u-PTAWD process is capable of
manufacturing straight walls having total wall width of 2.45 mm and effective wall width
of 2.11 mm. They also found 87% deposition efficiency for the maximum deposition rate
of 42 g/h.

Lin et al. (2016) used pulsed plasma transferred arc (PPTA) process to additively
manufacture multi-layered straight wall of Ti-6Al-4V wire on substrate of the same
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material. They investigated mechanical properties and morphology of it and found that it
consists of various morphologies with different microstructure, such as epitaxial growth of
prior B-grains, martensite and horizontal layer bands of Widmanstétten, which depend on
the heat input, multiple thermal cycles and gradual cooling rate in the deposition process.
Their results showed that the multi-layered deposition had 909 MPa yield strength and 988
MPa ultimate tensile strength. They described PPTA process is a novel, convenient, and
cost-effective AM process for aeronautical and biomedical applications.

2.2.2 Review of Past Work on Coating

Gholipour et al. (2011) investigated the microstructure and wear behavior of the
Stellite 6 coating on stainless steel (17-4PH) substrate using GTAD process. Their results
showed that the microstructure of the coating consisted of carbides embedded in a Co-rich
solid solution with a dendritic structure. Their results of the wear tests indicated that the
delamination was the dominant mechanism.

Madadi et al. (2012) used optimized pulsed TIG process parameter for deposition of
Stellite 6 on plain carbon steel substrate. They found that dilution is significant aspect of a
coating. Higher dilution is undesirable because it lowers the mechanical properties due to
mixing of materials, higher distortion and more residual stresses. They also described that
pulsed TIG process has several advantages such as low heat input, low distortion,
controlled deposition volume, less hot cracking tendency and better control of the fusion
zone.

Motallebzadeh et al. (2015) mentioned that Stellite is an alloy of cobalt that has
higher resistance to abrasive, erosive, and corrosive wear at an operating temperature up to
1100 °C due to intermetallic compounds and carbides formed in the Stellite coating. They
used PTA process for Stellite 12 coating on AISI 4140 steel substrate and studied
microstructure and wear resistance of it. They found that chromium and tungsten elements
of Stellite promote the formation of carbides (Cr23Cs, W2C) and provide solid solution
strengthening in the cobalt matrix which makes the Stellite coating to exhibit superior
wear resistance than substrate during dry sliding wear test.

Shoja-Razavi (2016) used HVOF process for Stellite 6 coating and found that the
coatings suffer from several drawbacks such as porosity, cracks. Hence, he studied the
effects of laser glazing treatment on microstructure, hardness, and oxidation behaviour of

Stellite 6 coating deposited by HVOF process. He found that laser glazing treatment
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helped the Stellite coating to exhibit highly dense and uniform structure with an extremely

low porosity than the coating by HVOF process but at the cost microhardness.

2.3 Conclusions from the Past Work

Following conclusions can be drawn from the review of the past work on various

aspects of AM processes for metallic materials:

Energy beam based AM processes are preferred for small sized deposition and the arc
based AM processes are preferred for bulk deposition of the metallic materials.

Several arc based AM processes have been used in the past work for the coatings but,
they yield poor bonding of the deposition material with the substrate, thermal distortion,
porosity, oxides, higher dilution and lower energy efficiency. These problems have led
to the spallation and removal of the coating material and requirement of post-deposition
heat treatment to enhance the properties of coatings.

Main advantages of the energy beam based AM processes include manufacturing of the
complex shapes that are difficult to produce with conventional processes, better
properties of the deposition, controlled melting which leads to small heat affected zone,
negligible defects and very small volume of deposition.

Major drawback of energy beam based AM processes is inaccessibility of the
deposition area because the energy beam is transmitted through straight path using flat
mirrors or magnetic field. They are difficult to be used for the materials having high
reflectivity. Moreover, they have very high capital, operational and maintenance cost.
Optimization of AM process parameters plays very important role in their applications.
Microstructure of the deposition is depending on the cooling rate which in turn depends
on AM process parameters. This makes optimization of AM process parameters even

more important particularly for a new deposition process.

Machining of titanium alloys using cutting tool is difficult due to their lower thermal
conductivity which increases the temperature of the cutting tool thus accelerating its
wear. Texturing on rake face of a cutting tool has recently emerged as a promising and

environment friendly method enhancing removal of heat from the machining zone

2.4 ldentified Research Gaps

Following research gaps were identified from the review of the past work on various

aspects of different AM processes for the metallic materials:

There is a wide gap exists between the process capabilities of arc based and energy
beam based depositions processes. For example, deposition rate achieved by energy
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2.5

beam based AM processes is in a range from 2 to 10 g/min whereas arc based AM
processes can achieve it in a range from 50 to 130 g/min.

Energy beam based processes are too costly to be used by small and medium scale
industries and AM applications requiring miniature or small amount of metallic
deposition. Arc based processes are economical but give poor quality of deposition and
are not suitable for miniature or small volume of metallic deposition.

No work has been reported on the pu-PTA powder deposition process for AM
applications of the metallic materials, which is economical, material-efficient and
energy-efficient, produces good quality of metallic deposition without use of vacuum.
No work has been reported on the texturing of HSS tool by u-PTA powder deposition
process to improve the machinability of cutting process.

Objectives of the Present Research Work

The present research work was undertaken with the following research objectives to

bridge the identified research gaps:

(i)

(i)

(i)

(iv)

(v)

(vi)

To develop the experimental apparatus for p-PTA powder deposition (u-PTAPD)
process for various AM applications of the metallic materials with movement of
the deposition head of the apparatus along X, y, and z axes being programmable
through a microcontroller.

To study characteristics of the coating (i.e. single-layer multi-track deposition) of
Stellite powder on steel substrate by u-PTAPD process.

To compare the capabilities of u-PTAPD process with laser and PTA-based
processes for coating of Stellite.

To study the characteristics of multi-layer single-track deposition of titanium alloy
by u-PTAPD process using continuous and dwell-time modes and subsequently to
manufacture typical additive manufactured product of titanium alloy.

To study influence of dimple and spot texturing by u-PTAPD process on HSS tool
in machining of titanium alloy and to compare performance of textured HSS tools
with non-textured tool in terms of machining forces, temperature and wear of the
tool, chip formation, and workpiece surface roughness.

To develop a mathematical model of dilution for single-layer single-track

deposition by u-PTAPD process.
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2.6 Research Methodology

Figures 2.4, 2.5, and 2.6 present the research methodology adopted to achieve the

identified objectives in the form of flowcharts.

| 2" QObjective: To Study the Characteristics Coating of

Stellite Powder on Steel Substrate |

Pilot Experiments
(depositing single-layer single-track)

Ranges Used:

Micro-plasma Power (P): 110-440 W

-Powder Mass Flow Rate (f): 0.6-5 g/min

Travel Speed of the Worktable (T): 40-200 mm/min
Stand-off-distance (X): 5-12 mm

Identified Feasible Values:
P: 407; 418; 429 W
f.1.7;2.9; 3.5 g/min

T: 80; 100; 125 mm/min

27 Main Experiments

—)

depositing single-layer
single-track)

(varying P, f, and T while

Plasma Gas Flow Rate (F,): 0.1-0.5 Nl/min
Shielding Gas Flow Rate (F): 3.0-8.0 NI/min

4 Experiments for Single-layer Multi-track
Deposition using Overlapping Values as
10%; 20%: 30%; 40%

|

X: 8 mm
Fo: 0.3 Nl/min
Fs: 3.5 Nl/min Identified Optimum values:
P: 407 W
f. 3.5 g/min
T: 125 mm/min
3 Experiments for Single-layer Multi-track Deposition
(varying travel speed of worktable)
P: 407 W
f. 3.5 g/min.
T: 125; 100; 80 mm/min
X: 8 mm
Fp: 0.3 NI/min
Fs: 3.5 NI/min
Overlapping: 30%

Identified Optimum Value:
Overlapping: 30%

l

3rd Objective: To Compare Capabilities of u-PTAPD Process with Laser and PTA-Based

Processes for Coating of Stellite

1

1

1

Parameters used in y-PTAPD
process :

P: 407 W

f. 3.5 g/min

T: 125 mm/min

X: 8 mm

Fp: 0.3 NI/min

Fs: 3.5 Nl/min

Overlapping: 30%

Parameters used in laser-based
deposition process :

P: 2 KW

Spot size: 4 mm

f: 11 g/min

T: 480 mm/min

Overlapping: 30%

Parameters used in PTA-based
deposition process :
P:2137.5W

f: 21 g/min

T: 180 mm/min

Fp: 2.1 NI/min

Fs: 2.5 NI/min

Overlapping: 30%

Fig. 2.4: Research methodology used for investigations on Stellite coating.
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4rth Objective: To study the characteristics of multi-layer single-track deposition of titanium alloy by u-PTAPD
process using continuous and dwell-time modes and subsequently to manufacture typical additive manufactured

product of titanium alloy

Ranges

Pilot Experiments
(depositing single-layer single-track)

-

Identified Feasible Values:

P:418; 429; 440 W
f. 1.5; 2.1; 2.7 g/min
T: 52; 57; 62 mm/min

27 Main Exp
(varying B f, a

-' depositing single-layer

eriments
nd T while

Micro-plasma Power (P): 242-440 W

Powder Mass Flow Rate (f): 0.5-12 g/min.

Travel Speed of deposition head (7): 30-150 mm/min
Stand-off-distance (X): 4-12 mm

Plasma Gas Flow Rate (F,): 0.1-0.5 NI/min
Shielding Gas Flow Rate (F;): 2.0-9.0 NI/min

Used:

X: 10 mm single-track)

F,: 0.3 Nl/min ¥

Fs: 5 Ni/min Identified Optimum values:
P: 418 W
f. 2.7 g/min

T: 62 mm/min

6 Experiments for Multi-
Deposition in Continuous and Dwell-time
Modes

Layer Single-Track

Fig. 2.5: Research methodology used for investigations on additive manufacturing of

titanium alloy.

5th Objective: To Study Influence of Dimple and Spot Texturing By u-PTAPD Process on HSS Tool in Machining of

Titanium Alloy

Ranges Used for Dimple Textures:
Micro-plasma Power (P): 110-440 W
Stand-off-distance (X): 5-12 mm

Exposure Time (f): 2-50 sec

Plasma Gas Flow Rate (Fp): 0.1-0.5 NI/min

Ranges Used for Spot Textures:
Micro-plasma Power (P): 110-440 W
Powder Mass Flow Rate (f): 0.6-5 g/min
Stand-off-distance (X): 5-12 mm
Exposure Time (t): 2-50 sec

Shielding Gas Flow Rate (F;): 3.0-8.0 NI/min

Pilot Experiments

(for Dimple and Spot

Textures)

Plasma Gas Flow Rate (F,): 0.1-0.5 Nl/min
Shielding Gas Flow Rate (F,): 3.0-8.0 NI/min

Identified Feasible Values for Dimple Textures:

P: 246.4; 264;281.6 W
t: 15; 30; 45 sec

X: 10 mm

F,: 0.3 Nl/min

F.: 3.5 Nl/min

Identified Feasible Values for Spot Textures:
P:264; 286; 316 W

f. 1.45; 1.76; 2.10 g/min

t:6; 10; 14 sec

X: 10 mm

F,: 0.3 Nl/min

Fg: 3.5 NI/min

L

9 Main Experiments
(varying P, t for dimple
textures and P, f, t for

spot textures

A

Identified Optimum values

Identified Optimum values
Dimple Textures:

t. 45 sec

Spot Textures:
P: 316 W

t: 14 sec
f:1.76 g/min

P: 264 W

HSS Tool

Experiments for Array of
12 Textures for Dimple
and Spot on rake face of

~

To Compare Performance of Textured HSS Tools with Non-textured Tool in Terms of Machining Forces,
Temperature and Wear of the Tool, Chip Formation, and Workpiece Surface Roughness.

Fig. 2.6: Research methodology used for investigations on texturing of HSS tool.
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The next chapter presents the concept of the u-PTAPD process as well as design and
development of its experimental apparatus. It describes the different subsystems and the
components used in the development of the experimental apparatus. It also presents the
various process parameters of u-PTA powder deposition process as well as selection of
materials for the coating, AM and texturing purposes.
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Chapter 3

Development of Experimental Apparatus

This chapter presents the concept of the p-PTA powder deposition process as well as
design and development of its experimental apparatus. It describes the different
subsystems and the components used in the development of the experimental apparatus. It
also presents the various process parameters of u-PTA powder deposition process as well
as selection of materials for the coating, AM and texturing.

3.1 Concept of p-PTA Powder Deposition Process

In powder-based AM processes, the major advantage is in terms of flexibility in
powder deposition rate, flexibility of mixing of different deposition materials, attainment
of higher deposition rate and better metallurgical bond between the deposition and
substrate materials as well as easy availability of the deposition materials in powder form.
Figure 3.1 depicts working principle of u-PTA powder deposition (u-PTAPD) process
which uses very low current in the range of 0.1 to 20 A to generate a pilot arc between
non-consumable tungsten electrode (connected to negative terminal of DC power supply
unit) and the constricting nozzle housed in a deposition head. This ionizes the inert gas
(argon) forming its precisely controlled and focused micro-plasma arc which forms melt
pool on the substrate surface by melting the deposition material delivered as powdered
stream. When the powder contacts the melt pool it is absorbed into melt pool and creates
deposition layer. Use of small current in this process gives almost negligible HAZ, low
material distortion, and deeper penetration. This process can greatly reduce the product
development time by using modern concepts and techniques of computer aided design
(CAD), computer aided manufacturing (CAM), robotics, on-line process monitoring and
control. It has the ability to manufacture near-net shape parts of very complex geometries
from advanced materials and has potential to overcome limitations of the existing AM

processes.
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Fig. 3.1: Principle of p-PTA powder deposition process.

3.2 Design and Development of the Experiment Apparatus
Figures 3.2a and 3.2b show schematic diagram and photograph of the experimental
apparatus for u-PTA powder deposition process developed by integrating (i) power supply
unit and torch for micro-plasma, (ii) in-house designed and developed powder feeding
system, (iii) in-house developed deposition head, and (iv) manipulator system. Following

subsections describe these subsystems of experimental apparatus of u-PTAPD process.
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Fig. 3.2: (a) schematic view and (b) photograph of experimental apparatus developed for

M-PTA powder deposition process

3.2.1 Power Supply Unit for Micro-Plasma

Power supply unit (Fig. 3.3) for micro-plasma (Dual Arc 82-HFP from Pro-Fusion Inc.
USA) was used as power source in the experimental apparatus. It has maximum capacity
of supplying DC power as 440 W with provision to vary current in a range from 0.1 to 20

A with an increment of 0.1 A while maintaining a constant value of voltage as 22 volts.

Micro-plasma power supply
|

Fig. 3.3: Photograph of power supply unit for u-PTAPD process.
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3.2.2 Deposition Head and Micro-plasma Torch

The deposition head is very important part of p-PTAPD process because its orientation
and position of the powder supplying nozzles with respect to the melt pool significantly
affect the powder material efficiency. The deposition head was developed to deliver the
deposition material from the powder feeding system to the melt pool. It consists of the
micro-plasma torch surrounded by four identical nozzles placed in an inclined manner
circumferentially at equal angular interval. This design enables supply of the powdered
deposition material at feed angle of 46° to the centre the melt pool for the stand-off-
distance from 8 to 10 mm. Value of the feed angle was chosen in such a way that ensures
maximum powder deposition efficiency. Figures 3.4b and 3.4c depict schematic view and
photograph of the developed deposition head. The micro-plasma torch (PLT100 series)
consisted of tungsten electrode, constricting nozzle, gas lens and gas guiding insert as
shown in Fig. 3.4a. Negative and positive terminals of DC power supply unit are
connected to tungsten electrode and the constricting nozzle respectively ensuring supply of
heat energy required for plasma formation. The plasma-forming gas (i.e. argon) is supplied
through the constricted nozzle which is placed inside the micro-plasma torch as shown in
Fig. 3.4b. It has a tapered annulus to supply the shielding gas (i.e. argon) to protect the
melt pool from oxidation and other contamination by atmospheric gases. It also has
circular annulus to supply cooling water from the cooling unit (as shown in Fig. 3.3) to

prevent overheating of the micro-plasma torch.
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Fig. 3.4: The deposition head and micro-plasma torch for u-PTAPD process: (a) micro-
plasma torch and its different components; (b) schematic view of the developed deposition
head; and (c) photograph of the developed deposition head.

3.2.3 Powder Feeding System

Powder feed rate is important factor for a successful u-PTAPD process because
powder feeder provides continuous and uniform powder stream at the desired mass flow
rate to the melt pool. Therefore, powder feeding system was designed and developed to
ensure an uninterrupted supply of the deposition material in the powdered form. Its two
variants were designed whose details are described in following paragraphs.
First Design of Powder Feeding System

Figures 3.5a and 3.5b depict the schematic view and photograph of the 1% design of
powder feeding system respectively. It consisted of a hopper, mixing unit, flow control
valve and nozzle. In this powder feeding system, pressurized carrier gas (argon) was
supplied to hopper and mixing unit through flow control valve for powder delivery from
the hopper to the nozzle. It can vary powder mass flow rate by changing the flow rate of
carrier gas through flow control valve. But, following major drawbacks were observed in
this design i.e. (i) variation in powder mass flow rate at constant supply of gas flow rate,
(i) sticking of small powder particles to the hopper, and (iii) difficult to use for powder

feed rate less than 5 g/min.
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Fig. 3.5: First design of powder feeding system: (a) schematic view and (b) photograph.

Second Design of Powder Feeding System

Figures 3.6a and 3.6b depict the schematic view and photograph of 2" design of the
powder feeding system. It consists of a hopper, shaft, DC motor and power supply unit for
the DC motor. Hopper stores the powdered deposition material which is supplied to the
deposition head by means of pressurized argon gas supplied at constant flow rate of 0.5
NI/min. The mass flow rate of the powder can be varied by changing the rotation of a shaft
driven by a DC motor. The powder feeding system has capability to supply the deposition
material having powder particle size in the range from 20 to 200 um. It has capability to
vary powder mass flow rate in the range from 0.6 to 14.2 g/min for Stellite 6 and 0.51 to
11.3 g/min for Ti-6Al-4V powder according to the experimentally determined relationship
depicted in Fig. 3.7a and Fig 3.7b respectively. It can be observed from these graphs that
there exists a threshold value of voltage for a non-zero value of powder mass flow rate.
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Fig. 3.6: Second design of powder feeding system: (a) schematic view; and (b)
photograph.
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Fig. 3.7: Relationship between powder mass flow rate and voltage of the DC motor for:
(a) Stellite 6 powder; and (b) Ti-6Al-4V alloy powder.

3.2.4 Manipulator System

During initial development of u-PTAPD process, worktable of a precision knee-type
milling horizontal milling machine (model HF1 from Bharat Fritz Werner Ltd. Bangalore,
shown in Fig. 3.8) was used for mounting and moving the substrate in X and Y directions.
Use of this machine was a cost-effective alternative to computer numerical control (CNC)
or robotic manipulators because this machine had capacity to provide discrete values of
worktable travel speed as 40, 50, 63, 80, 100, 125, 160, 200, 250 mm/min in the automatic
and vibration free mode. A mounting plate was attached to the dog-holes of its spindle to
hold the micro-plasma torch with the help of a mounting bracket as shown in Fig. 3.8.

In order to have continuous and precise of the deposition head along X, Y and Z axes,
a manipulator system (as shown in Fig. 3.9) was subsequently developed which was
microcontroller programed. In this system, movement of the deposition head along the X,
Y and Z directions were precisely controlled by one stepper motor for each axis with each
stepper motor having minimum incremental motion of 0.1 mm. It has working area of 400
X 400 mm in X-Y directions and travel range from 0.1 to 200 mm in the Z direction. The
electronics part of manipulator system has a CNC shield consisting of RAMPS 1.4
mounted on Arduino 2560 board. It can control the movement along the three axes
independently or simultaneously. The open source software PRONTERFACE was used to

generate deposition path in terms of G and M codes for each deposition layer according to
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the its height defined in the CAD model of the part to be manufactured. Accordingly, the
deposition head moves to facilitate the layered deposition layer to the part.

ulflli ] &=
Horizontal milling
machine

Worktable

-

Fig: 3.8: Photograph of manipulator system for movement of the worktable along X and

Y axes directions.

Stepper
motor

Fig. 3.9: Photograph of the microcontroller programmed manipulator system for
movement of the deposition head along the X, Y, and Z axes.
3.3 Process Parameters of p-PTA Powder Deposition Process
It is important to understand different process parameters and their respective
functions during actual deposition in order to develop the process. Various process
parameters related to micro-plasma power supply and deposition process affect the

performance of the u-PTAPD process. Figure 3.10 presents important process parameters
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of u-PTAPD process and following paragraphs define them and describe their effect on

the process performance.

Process Parameters for u-PTA Transferred Arc
Powder Deposition

Micro-plasma power Depaosition process
supply parameters
* Micro-plasma power (P) in W + Powder mass flow rate (f) in g/min
* Plasma gas flow rate (F;) in NI/min » Travel speed (T) in mm/min
» Shielding gas flow rate (Fg) in NI/min « Stand-off distance (X) in mm

Fig. 3.10: Process parameters of u-PTA powder deposition process.

Micro-plasma power ‘P’ (W): It is product of the current and DC voltage supplied for
the generation of the plasma. Higher micro-plasma power produces higher heat and melted
larger portion of the substrate and deposition material and resulted in higher dilution and
larger HAZ. Lower micro-plasma power can lead to partial melting of the powder and
poor bonding of the deposition material with the substrate with very smaller dilution.
Hence, selection of optimum micro-plasma power is important for continuous and uniform
deposition.

Plasma gas flow rate ‘F,’> (Normal liter per minute, NI/min): It is rate at which the
plasma forming gas is supplied. Plasma gas helps to transfer the micro-plasma power
towards the substrate and maintain a continuous directional flow of the plasma towards the
substrate.

Shielding gas flow rate ‘Fs’ (Normal liter per minute, NI/min): It is rate at which
shielding gas supplied to protect the melt pool from atmospheric contamination. Lower
values of the shielding gas flow rate allow the atmospheric gases to react with the melt
pool resulting in porous and uneven deposition and producing spatter during the
deposition whereas, higher values result in the spread of the of melt pool generating
dimple like impression over the top surface of the deposition.

Powder mass flow rate ‘f> (gram per minute): The rate at which powder deposition
material is fed to the melt pool. It is an important parameter that determines addition of
deposition mass per unit time. It affects the deposition height, dilution and the bonding

between the deposited material and the substrate. Powder mass flow rate needs to be
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chosen in relation to micro-plasma power and relative speed between the deposition head
and the substrate.

Travel speed ‘T’ (mm/min): It is the relative speed between the deposition head and
the substrate material. Sometimes, deposition head is provided the required movement and
the substrate remains stationary and, in some case, vice-versa. It decides the addition of
deposition mass per unit length and input energy per unit length. It also governs the rate
by which a particular deposition is taking place. The travel speed significantly affects the
cooling rate and microstructure of the deposition.

Stand-off distance ‘X’ (mm): It is the distance between exit of the deposition head
and top surface of the substrate on which deposition is taking. It acts as a spark gap in p-
PTAPD process. Higher stand-off-distance (SOD) may discontinue discharge of the
plasma-arc between the deposition head and the substrate whereas its lower value restrains
furthermore addition of the deposition material.

The most important parameters of the u-PTAPD process are micro-plasma power,
powder mass flow rate and travel speed. Various combinations of these three process
parameters produce various deposition rates and deposition tracks. A balanced
combination of these parameters is required to obtain good quality of the deposition. In
addition to this stand-off distance, plasma gas flow rate and shielding gas flow rate also
affect the process performance. Optimized selection of these parameters is necessary in
order to achieve continuous and uniform deposition.

3.4 Selection of Materials

Selection criteria and details of the deposition and substrate materials for the coating,
additive manufacturing and texturing applications of u-PTA powder deposition process
are described in the following paragraphs.

3.4.1 For Coating by u-PTAPD Process

Coatings play significant roles to improve performance and life of those parts which
operate in adverse environments and require resistance to different types of wear such as
fretting, surface fatigue, corrosion, erosion, abrasion, adhesion, and diffusion. Stellite is a
cobalt-based alloy which exhibits very good resistance to erosive and corrosive wear
particularly, at higher operating temperature due to intermetallic compounds and carbides
formed in its coating (Luo et al., 2012). Therefore, Stellite 6 in the powdered form with
particle size varying in the range from 50 to 106 um was selected as the coating material

for investigations on coating by pu-PTAPD process. AISI 4310 steel plate having
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dimensions as 100 mm x 100 mm x 20 mm was chosen as the substrate. It was ground and
cleaned using acetone to remove residues before Stellite deposition over it. Table 3.1
presents chemical composition of the selected deposition material and the substrate

material.

Table 3.1: Chemical composition (wt. %) of the coating (Stellite 6) and substrate (AISI
4130) material.

Elements C Ni Cr Mo V W Mn Si P S Fe Co
Substrate: AISI 4130 steel 03 05 0.8 0.15 0.1 - 0.6 0.150.040.04 Bal. -
Coating material: Stellite 6 12 20 28510 - 46 1.02 1.09- - 20 Bal

3.4.2 For Additive Manufacturing by n-PTAPD Process

Higher strength-to-weight ratio, fracture toughness, excellent biocompatibility, and
corrosion resistance of titanium alloys have led to their extensive and varied applications
in biomedical, aerospace, power generation, gas turbines, automotive applications
(Mahamood and Akinlabi, 2017). Consequently, powder of Ti-6Al-4V having a particle
size in the range from 45 to 105 pm was chosen for investigations on additive
manufacturing by p-PTAPD process. Plate made of the same material (Ti-6Al-4V) and
having dimensions as 100 mm x 60 mm x 20 mm was chosen as the substrate. The
substrate plate was ground and cleaned using acetone before starting deposition over it.
Table 3.2 presents composition of the selected substrate and the deposition material used
in investigations on the AM by pu-PTAPD process.
Table 3.2: Elemental composition (wt. %) for the substrate (Ti-6Al-4V) and deposition
material (Ti-6Al-4V powder).

Elements Al Vv C (0] N H Fe Cu Sn Y Ti

Substrate: Ti-6Al-4V 6.17 4.02 0.02 0.13 0.022 0.005 0.04 0.12 0.10 0.004 Bal.

Deposition material: Ti- 6.21 4.30 0.02 0.12 0.02 0.005 0.05 0.10 0.11 0.005 Bal.
6Al-4V powder

3.4.3 Texturing of Machining Tool by n-PTAPD Process

Machining of titanium alloys using high speed steel (HSS) tool is difficult due to their
lower thermal conductivity which increases the temperature of the machining tool thus
accelerating its wear. Texturing on rake face of a machining tool has recently emerged as a

promising and environment friendly method to enhance removal of heat from the
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machining zone (Wei et al., 2017). Therefore, cutting tool made of HSS (grade T-42) was
chosen for investigations on spot and dimple-textured by p-PTAPD process. This tool
material is commercially available from Miranda Tools as grade S400 HSS and has a
hardness of 65-67 HRC. Stellite exhibits very good resistance to erosive and corrosive
wear particularly at higher operating temperature. HSS tool material and Stellite 6 powder
have almost similar melting temperature, i.e. 1422 °C and 1410 °C respectively. Hence,
Powder of Stellite 6, having its particle size in a range from 50 to 106 pum, was chosen for
spot-texturing of the HSS tool. Spot-textured and dimple-textured and non-textured HSS
tools were used in turning of 40 mm diameter cylindrical bar made of Ti-6Al-4V. Table
3.3 presents chemical composition of T-42 grade HSS and Ti-6Al-4V.

Table 3.3: Chemical composition of T-42 grade HSS tool and Ti-6Al-4V by wt.%.
Chemical composition of T-42 grade HSS tool (wt. %)

Elements Co W Cr Mo V C Ni Si Mn P S Fe

Composition 9.15 868 4.1 323 312 135 036 022 02 03 0.35 Bal

Chemical composition of Ti-6Al-4V (wt. %)

Elements Al \V C 0] N H Fe Cu Sn Y Ti

Composition 6.17 4.02 0.02 0.13 0.022 0.005 0.04 0.12 0.10 0.004 Bal.

The next chapter presents planning and details of the experimental work, evaluation
and characterization of the responses as well as results and analyses for the Stellite coating

by u-PTAPD process.
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Chapter 4

Investigations on Stellite Coating

This chapter presents planning and details of the experimental work, evaluation and
characterization of the responses as well as results and analyses for the Stellite coating. It
describes the effect of travel speed of worktable on microstructure, secondary dendritic
arm spacing, line scan analysis and microhardness of the Stellite coating. It also presents
comparative evaluation of u-PTAPD, PTAD and laser-based deposition processes in terms

of morphology, wear characteristics, and microhardness of Stellite coating.
4.1 Planning and Details of Experimentation

The experimental investigations on Stellite coating were conducted in four stages
using the research methodology shown in Fig. 2.4 with objectives to (i) identify optimum
values of important parameters of u-PTAPD process for single-layer multi-track coating of
powdered Stellite 6 (with particle size ranging from 50 to 106 um) on AISI 4130 steel
substrate, and (ii) to compare its capabilities with laser-based and PTA-based deposition
processes for Stellite coating in terms of dilution, deposition thickness, microstructure,
secondary dendritic arm spacing (SDAS), micro-hardness and abrasive wear resistance.
All the experiments of all four stages were conducted by mounting the substrate on
worktable of a precision knee-type milling horizontal milling machine (model HF1 from
Bharat Fritz Werner Ltd. Bangalore) and moving the worktable in X and Y directions. In
the 1% stage, pilot experiments were conducted varying six significant parameters of p-
PTAPD process namely micro-plasma power, travel speed of worktable, powder mass
flow rate, shielding gas flow rate, plasma gas flow rate and stand-off distance to identify
their values for the main experiments which will ensure continuous uniform single-layer
single-track deposition of Stellite. The identified values for the main experiments were:
407; 418; and 429 W for micro-plasma power, 80; 100; and 125 mm/min for travel speed
of worktable, 1.7; 2.9; and 3.5 g/min for powder mass flow rate, 3.5 NI/min for shielding
gas flow rate, 0.3 NI/min for plasma gas flow rate and 8 mm for stand-off-distance.
Twenty-seven main experiments were performed in the 2" stage to identify optimum
values of micro-plasma power (as 407 W), travel speed of worktable (as 125 mm/min),
powder mass flow rate (as 3.5 g/min) using criteria of minimum energy consumption and
dilution of single-layer single-track deposition of Stellite by u-PTAPD process. Four
experiments were conducted in the 3™ stage using 10%; 20%; 30%; and 40% overlapping

between two successive tracks and using the identified optimum values from the main
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experiments in single-layer multi-track deposition of Stellite to identify optimum value of
the overlapping considering minimum dilution and maximum deposition height as
selection criteria. These experiments found 30% overlapping as the optimum value. These
identified optimum values were used in 4" stage experimentation to compare the
considered characteristics of coatings of Stellite manufactured by p-PTAPD, Nd-YAG
laser-based, and PTA-based deposition processes.
4.1.1 Pilot Experiments for Single-layer Single-track Deposition

Pilot experiments were carried out depositing single-layer single-track of Stellite 6 on
AISI 4130 steel substrate by varying the six most influential parameters of u-PTAPD
process namely micro-plasma power, powder mass flow rate, travel speed of the
worktable, stand-off distance, plasma gas flow rate and shielding gas flow rate to identify
their feasible values for the main experiments. Table 4.1 presents the ranges of the input
parameters used in the pilot experiments along with the values identified for the main
experiments. It was observed during the pilot experiments that a minimum 407 W of
micro-plasma power was required to melt powder of Stellite 6 with a small portion of the
substrate during u-PTAPD process. Therefore, 407; 418; and 429 W (corresponding to
current values of 18.5; 19 and 19.5 A) were identified values of micro-plasma power for
the main experiments. Powder mass flow rate in the range of 1.7-3.5 g/min and the stand-
off-distance (SOD) as 8 mm were identified for the main experiments because it allowed
smooth powder feeding to the melt pool through the powder feed nozzle. Discontinuous
tracks were observed for the travel speed of worktable more than 125 mm/min while
excessive HAZ was observed for worktable travel speed less than 80 mm/min Therefore,
80-125 mm/min was identified for further experiments. Plasma gas flow rate of 0.3 NI/min
was found to be sufficient to transfer the micro-plasma arc toward the substrate, where the
shielding gas flow rate of 3.5 NI/min was found sufficient to protect the melt pool from
atmospheric contamination. Based on the pilot experiments, micro-plasma power, powder
mass flow rate and travel speed of worktable were identified as most important parameters
for the main experiments for Stellite 6 coating on AISI 4130 steel by single-layer single-

track deposition.
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Table 4.1: Range of the input parameters used in the pilot experiments and identified

feasible values for the main experiments on Stellite coating.

Parameters of p-PTAPD process Range used in the Value identified for the
pilot experiments main experiments

Micro-plasma power (W) 110 - 440 407; 418; 429

Powder mass flow rate (g/min) 0.6-5 1.7;2.9; 3.5

Travel speed of worktable (mm/min) 40 — 200 80; 100; 125

Plasma gas flow rate (NI/min) 0.1-05 0.3

Shielding gas flow rate (NI/min) 3.0-8.0 3.5

Stand-off-distance (mm) 5-12 8

4.1.2 Main Experiments for Single-layer Single-track Deposition

Twenty-seven mains were planned and performed using the full factorial approach of a
design of experiments depositing single-layer single-track of Stellite 6 on AISI 4130 steel
substrate. In these experiments, micro-plasma power, powder mass flow rate and travel
speed of the worktable was varied at three levels each while values of other three variables
(i.e. plasma gas flow rate, shielding gas flow rate, and SOD) were kept constant using their
values mentioned in Table 4.1. The objective was to study effects of the variable
parameters on the measured responses (i.e. deposition height and width) and computed
responses (i.e. dilution, energy consumption per unit traverse length and power
consumption per unit powder mass flow rate). Table 4.2 presents results of main
experiments. These experiments identified optimum values of micro-plasma power (as 407
W), travel speed of worktable (as 125 mm/min), and powder mass flow rate (as 3.5 g/min)
using criteria of minimum dilution, energy consumption per unit traverse length ‘E,” and
power consumption per unit powder mass flow rate ‘Ps’.
4.1.3 Experiments for Single-layer Multi-track Deposition

Four experiments were conducted depositing single-layer multi-track (i.e. coating) of
Stellite 6 on AISI 4130 steel substrate using 10%, 20%, 30% and 40% as overlapping of
between the two successive tracks and using the optimum values of micro-plasma power,
travel speed of worktable, and powder mass flow rate (identified from the main
experiments). Objective was to identify optimum value of the overlapping using criteria of
minimum dilution and maximum deposition height. These experiments identified optimum
overlapping between two successive tracks as 30%. Subsequently, three more experiments
were conducted to study effects of travel speed of the worktable on microstructure, SDAS,

dilution, line scan analysis and microhardness of Stellite coating. In these experiments,
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travel speed of the worktable was varied at 125, 100, and 80 mm/min at constant values of
micro-plasma power (as 407 W) and powder mass flow rate (as 3.5 g/min).
4.1.4 Experiments for Comparative Evaluation of u-PTAPD process with
PTAD and Laser-Based Deposition Processes

Optimum values of (i) plasma gas flow rate (as 0.3 NI/min), shielding gas flow rate (as
3.5 NI/min), and SOD (as 8 mm) identified from the pilot experiments, (ii) micro-plasma
power (as 407 W), travel speed of worktable (as 125 mm/min), powder mass flow rate (as
3.5 g/min) identified from the main experiments, and (iii) overlapping between two
successive tracks (as 30%) identified from the experiments on single-layer multi-track
depositions, were used in comparative evaluation of pu-PTAPD process with Nd-YAG
laser-based and PTA-based deposition processes terms of morphology, wear characteristics,
and microhardness of the Stellite coatings manufactured by them. The parameters used in Nd-
YAG laser-based deposition included: power: 2 kW, spot size: 4 mm, travel speed: 480
mm/min, powder mass flow rate: 11 g/min, and overlapping: 30%. The parameters used in
PTA-based deposition were: current: 95 A, voltage: 22.5 V, travel speed: 180 mm/min,
powder mass flow rate: 21 g/min; plasma gas (argon) flow rate: 2.1 NI/min, shielding
(argon) gas flow rate: 2.5 NI/min, and overlapping: 30%.
4.2 Evaluation and Characterization of the Responses

Evaluation of various characteristics of the depositions produced by u-PTAPD process
is essential to quantify its performance. It also helps in evaluating the metallurgical
relationship between substrate and the deposited material which varies with its parameters.
Following paragraphs describe details of the evaluation and characterization of the
different responses used in the experimental investigations on Stellite coating by p-
PTAPD process.
4.2.1 Evaluation of Deposition Geometry and Dilution

Samples of the single-layer single-track depositions of Stellite corresponding to 27
main experiments and the single-layer multi-track depositions of Stellite obtained in the
comparative evaluation were cut transversely and prepared using the standard
metallographic procedure for optical microscopy. Their deposition heights and deposition
width were measured using the optical microscope (model Stereo EZ4HD from Leica Inc.
Germany). AutoCAD software was used to measure the deposited area ‘B’ and dilution
area ‘A’ separated by an imaginary fusion line on the deposition profile which was

obtained from the optical microscope. Dilution was computed using the measured values
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of deposited area ‘B’ and dilution area ‘A’ in Eq. 4.1. Figure 4.1 schematically explains the
concept of computation of % dilution for single-layer single-track deposition (Fig. 4.1a) in
which entire width of the deposition ‘W’ was used and for single-layer multi-track
deposition (Fig. 4.1b) in which dilution was calculated by taking average of % dilutions of
four consecutive widths along the deposition tracks with each width having 5 mm

dimension

A
Percentage dilution = A+ x 100 (4.1)

B

H - -
Deposited area P Fusionline
A
Fusionline Diluted area
) w Diluted area — —
5 mm
@ ©

Fig. 4.1: Schematic of concept of the deposited and diluted areas used in computation of
percentage dilution for (a) single-layer single-track deposition; and (b) single-layer multi-
track deposition.

4.2.2 Characterization of Microstructure and Phase Analysis

Samples of single-layer multi-track depositions (7 samples corresponding to single-
layer multi-track deposition experiments and 3 corresponding to comparative evaluation)
of Stellite were cut along their cross-section, polished and etched in a solution containing
50 ml water and 50 ml HCI at 70°C temperature for 30 minutes in accordance with the
ASTM standard E340-00. The microstructures of some of the prepared samples (leaving
the 4 samples corresponding to overlapping experiments) were observed using field
emission scanning electron microscope (FE-SEM, Supra 55 from Carl Zeiss GmbH,
Germany) and values of SDAS were measured at five different locations for the each
sample. Chemical composition of different phases present in a sample was determined by
energy dispersive X-ray spectroscopy (EDX). Different phases present in microstructure
of Stellite coating and their crystal structure were determined using X-ray diffraction
(XRD).
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4.2.3 Evaluation of Microhardness

Samples of single-layer multi-track deposition (3 samples corresponding to single-
layer multi-track depositions and 3 samples corresponding to comparative evaluation)
were cut along their cross-section and then fine polished to measure their microhardness
from the deposition to substrate at an interval of 0.1 mm on Vicker’s microhardness tester
(VMH-002 V from Walter UHL GmbH, Germany) according to the ASTM standard E92-
82 using a load of 500 g for duration of 15 seconds.
4.2.4 Evaluation of Wear Characteristics

Micro-scale tribology, abrasion and friction wear properties of the Stellite coating
samples (corresponding to comparative evaluation) at low contact stresses with respect to
the hard surfaces were studied using pin-on-disk type wear testing machine (Ducom-
TR20LE) using 5 mm diameter WC ball having a hardness of 950 HV under the dry
condition. Typical applications of dry abrasive wear are: jackhammer, tungsten carbide
(WC) cutting tools, down hole hammers, tunnel boring machines, raise boring and
construction equipment. Dimensions of the three samples used in the wear tests were 51
mm x 51 mm x 8 mm. Each sample was polished so as to achieve their average surface
roughness (Ra) less than 0.8 um. The sample was rotated at 200 rpm within 15 mm radius
thus giving sliding speed of 314 m/s under a normal load of 7 N at room temperature in
accordance with the ASTM Standard G99-95a. Wear test for each sample was performed
for sliding distance of 200 m; 400 m; and 600 m with three repetitions for each sliding
distance wear test. Wear volume was determined by measuring the mass loss of the sample
during the wear test using a weight balance having least count of 0.01 mg and dividing it
by density of the coating material.
4.3 Results and Analyses

Following paragraphs describes the results obtained in each stage of experimental
investigations on Stellite coating by pu-PTAPD process along with their interpretation,
analysis and major conclusions.
4.3.1 Analysis of Single-layer Single-track Deposition

Deposition height and width, dilution, energy consumption per unit traverse length ‘Ey’
(Eq. 4.2) and power consumption per unit powder mass flow rate ‘Ps’ (Eq. 4.3) have been
used to characterize the single-layer single-track depositions of Stellite 6 by conducting 27
full factorial experiments. Table 4.2 presents the measured responses (i.e. deposition height

and width) and computed responses (i.e. dilution, energy consumption per unit traverse
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length and power consumption per unit powder mass flow rate) along with corresponding

variable input parameters for all 27 experiments.

60 P

E, = T (J/mm) (4.2)
60 P

Pr = N dJd/g) (4.3)

Where, P is micro-plasma power (W); f is powder mass flow rate (g/min); and T is
travel speed of worktable (mm/min). Following observations can be made from Table 4.2:
e Higher values of worktable travel speed (i.e. 125 mm/min) and powder mass flow rate

(i.e. f = 3.5 g/min) for each value of micro-plasma power have given smaller values of

‘Er, ‘Pr and dilution value in a range of 6.3-7.8 % (experiment no. 9, 18 and 27)

whereas their lower values (i.e. 80 mm/min and 1.7 g/min) have yielded larger values

of ‘Ey, ‘Ps” and dilution in a range of 12.7-18.2 % (experiment no. 1, 10 and 19).

e Maximum values of ‘Er’, ‘P’ and dilution were found to be 321.7 J/mm; 15,141.1 J/g;
and 18.2% respectively in experiment no. 19 having P = 429 W; T = 80 mm/min; and f
= 1.7 g/min. It yielded deposition width as 1.96 mm; deposition height as 1.25 mm;
and aspect ratio as 1.568.

e Minimum values of ‘Ey’, ‘P and dilution were found to be 195.3 J/mm; 6977.1 J/g;
and 6.3% respectively in experiment no. 9 having P = 407 W; T = 125 mm/min; and f
= 3.5 g/min. It gave deposition width as 1.7 mm; deposition height as 0.89 mm; and
aspect ratio as 1.91. Therefore, these values were identified as their optimum values
for further experiments on single-layer multi-track deposition.

Table 4.2: Measured and computed responses for the main experiments along with
corresponding variable input parameters.

Exp. Variable input parameters Measured responses Computed responses

No. Micro- Travel Mass flow Deposition Deposition Dilution Energy Power
plasma speed of  rate of the height width (%) consumption  consumption
Power  worktable deposition (mm) (mm) per unit per unit
‘PP(W) T material ‘f’ traverse powder mass

(mm/min) (g/min) length (J/mm) flow rate (J/g)

1 407 80 1.7 1.53 1.91 12.7 305.2 14,364.7

2 407 80 2.9 1.65 2.21 11.8 305.2 8,420.6

3 407 80 3.5 1.71 2.35 10.5 305.2 6,977.1

4 407 100 1.7 0.91 1.93 8.5 244.2 14,364.7

5 407 100 2.9 0.97 2.16 8.4 244.2 8,420.6

6 407 100 3.5 1.10 2.01 7.1 244.2 6,977.1

7 407 125 1.7 0.52 1.71 7.1 195.3 14,364.7

8 407 125 2.9 0.72 1.68 6.9 195.3 8,420.6

9 407 125 3.5 0.89 1.7 6.3 195.3 6,977.1

10 418 80 1.7 141 241 14.5 3135 14,752.9

11 418 80 2.9 1.21 25 12.4 3135 8,648.2

12 418 80 3.5 1.62 2.2 10.7 3135 7,165.7

13 418 100 1.7 0.97 1.93 9.5 250.8 14,752.9
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14 418 100 2.9 1.06 2.15 9.4 250.8 8,648.2

15 418 100 3.5 1.21 1.65 9.2 250.8 7,165.7
16 418 125 1.7 0.54 1.65 8.1 200.6 14,752.9
17 418 125 2.9 0.55 1.69 7.9 200.6 8,648.2
18 418 125 3.5 0.64 1.74 7.0 200.6 7,165.7
19 429 80 1.7 1.25 1.96 18.2 321.7 15,1411
20 429 80 2.9 1.29 2.12 17.3 321.7 8,875.8
21 429 80 3.5 1.37 2.28 16.2 321.7 7,354.2
22 429 100 1.7 0.92 2.28 13.8 257.4 15,1411
23 429 100 2.9 0.97 2.12 12.3 257.4 8,875.8
24 429 100 3.5 1.02 2.3 10.7 257.4 7,354.2
25 429 125 1.7 0.49 1.62 9.1 205.9 15,1411
26 429 125 2.9 0.53 1.72 9.7 205.9 8,875.8
27 429 125 3.5 0.60 1.75 15.1 205.9 7,354.2

Figures 4.2a-4.2c depict the effect of micro-plasma power (Fig. 4.2a), travel speed of
worktable (Fig. 4.2b) and powder mass flow rate (Fig. 4.2c) on the deposition height,
deposition width and dilution of single-layer single-track deposition of Stellite. Figure
4.2a shows that increase in micro-plasma power increases the dilution at a faster rate,
slightly increases the deposition width, and decreases the deposition height. This can be
explained by the fact that an increase in micro-plasma power increases the heat input
which increases molten amount of the substrate material consequently size of the melt
pool. Figure 4.2b depicts that increase in travel speed of worktable decreases dilution,
deposition height and deposition width due to reduction in heat input per unit travel length
which consequently reduces the molten amount of the substrate material and size of the
melt pool. It also decreases amount of the powder deposited per unit travel length reducing
deposition height and deposition width. Figure 4.2c illustrates that deposition height and
deposition width increases with increase in mass flow rate of the deposition material
whereas dilution decreases with it. This is due to the fact that higher powder mass flow
rate increases molten amount the deposition material which increases height and width of
deposition but decreases the amount of the molten substrate material. This study concludes
that travel speed of worktable is the most influential parameter that significantly affects
the deposition height, deposition width and dilution (all three decreases with it) for the

single-layer single-track depositions.
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Fig. 4.2: Effect of (a) micro-plasma power; (b) travel speed of worktable; and (c) powder
mass flow rate; on deposition height, deposition width and dilution for the single-layer

single-track depositions of Stellite by u-PTAPD process.
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4.3.2 Analysis of Single-layer Multi-track Deposition

The effect of overlapping, microstructure and phase analysis as well as travel speed of
work table on single-layer multi-track deposition were studied and discussed in following
paragraphs.
4.3.2.1 Effect of Overlapping

Single-layer multi-track deposition involves certain overlapping between two
successive tracks to ensure good quality of deposition. Single-layer multi-track
depositions of Stellite were done using overlapping values of 10%, 20%, 30% and 40%
and using the identified optimum values of P, T and f corresponding to experiment no. 9.
Figure 4.3 shows effect of overlapping on the deposition height and dilution. It can be seen
that deposition height increases with increase in overlapping whereas its dilution decreases
with it. This can be explained by the fact that higher value of overlapping causes each
succeeding track to overlap the previous track by higher amount which increases the
height of the single-layer multi-track deposition but decreases molten amount of the
substrate material thus reducing dilution. It can also be observed from Fig. 4.3 that
overlapping values of 10% and 20% give dilution values around 10% and lower
deposition height whereas, overlapping values of 30% and 40% give dilution approx. 6%
and higher deposition height. Since, higher overlapping value increases the number of
tracks to be deposited per unit width of the substrate material therefore, 30% overlapping
was identified as its optimum value for further experiments on single-layer multi-track

deposition of Stellite by p-PTAPD process.
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Fig. 4.3: Effect of overlapping on deposition height and dilution of single-layer multi-

track deposition Stellite by u-PTAPD process.
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4.3.2.2 Microstructure and Phase Analysis

Microstructure of Stellite coating sample obtained using parameters of Exp. 9 of Table
4.2 and overlapping value 30% is shown in Fig. 4.4 in which presence of different phases
and their crystal structure were determined using XRD (presented in Fig. 4.5) and their

elemental composition using EDX (shown in Figures 4.6a to 4.6c).
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Fig. 4.4: Microstructure of the Stellite coating (obtained using identified optimum values

of u-PTAPD process parameters and overlapping value 30%) and the different phases

identified from XRD.
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Fig. 4.5: XRD pattern showing different phase present in the Stellite coating ((obtained
using identified optimum values of u-PTAPD process parameters and overlapping value
30%).
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Using results of XRD and EDX, it can be seen in Fig. 4.4 that microstructure of the
Stellite coating consists of cobalt rich matrix (appearing in black colour) as primary phase
formed during cooling of the molten Stellite along with carbides (seen as lamellar phases
on the grain boundaries) and inter-dendritic phases (seen as white colour blocks). Fig. 4.5
shows XRD pattern and peak positions of different phases revealing that presence of €-Co
having hexagonal close-packed (HCP) crystal structure, a-Co having face centred cubic
(FCC) crystal structure and carbides such as Cr23Cs, Cr7Cz and W-C. It can be observed in
Fig. 4.6a that microstructure of black coloured matrix mainly consists of Co-rich solid
solution which has very high wt. percentage of cobalt followed by chromium, tungsten,
iron and silicon. The lamellar phases on the grain boundaries consist of relatively higher
wt. percentage of chromium as shown in Fig. 4.6b. While, the phases appearing in white
colour blocks had the highest wt. percentage of chromium followed by cobalt, tungsten
and iron as depicted in Fig. 4.6¢c. Combining results of EDX and XRD helps in concluding
that high concentration of cobalt rich matrix is related to peaks of &-Co and a-Co phases
which is due to alloying elements nickel and iron which decrease the transformation
temperature and stabilize the FCC containing cobalt phase (i.e. a-Co), while molybdenum
and tungsten tend to increase the transformation temperature of HCP crystal structure
containing cobalt phase (i.e. e-Co) (Motallebzadeh et al., 2015). Therefore, due to sluggish
transformation during cooling, it consists of the mixture of (¢-Co) and metastable (a-Co)
at room temperature. The peaks of Cr23Cs and Cr;Cs carbide are associated with lamellar
phases of the microstructure while peaks of tungsten carbide (W-C) are related to white
colour blocks. The presence of carbide phases on grain boundaries imparts Stellite coating

more resistant to wear and corrosion (Jeshvaghani et al., 2011).
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Fig. 4.6: EDX analysis of (a) black coloured matrix; (b) lamellar phases on the grain

boundaries; and (c) phases appearing in white colour blocks, in in the Stellite coating
(obtained using identified optimum values of u-PTAPD process parameters and
overlapping value 30%).

4.3.2.3 Effect of Travel Speed

Travel speed of worktable was found to be the most influential parameter affecting the
characteristics of single-layer single-track depositions. It can also be observed from Table
4.2 that (i) minimum dilution of 6.3% is obtained in experiment no. 9 having plasma
power as 407 W; worktable travel speed as 125 mm/min; and powder mass flow rate of
3.5 g/min; (ii) maximum deposition height is obtained in experiment no. 3 having plasma
power as 407 W; worktable travel speed as 80 mm/min; and powder mass flow rate as 3.5

g/min; and (iii) average of maximum and minimum width is obtained in experiment no. 6
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having plasma power as 407 W; worktable travel speed as 100 mm/min. Therefore,
experiments 3, 6 and 9 having travel speeds as 80, 100 and 125 mm/min respectively with
constant micro-plasma power and powder mass flow rate were selected to study effect of
travel speed of the worktable on microstructure, SDAS, line scan analysis and
microhardness of single-layer multi-track deposition of Stellite.
4.3.2.3.1 Microstructures of the Interface and SDAS

Figures 4.7a to 4.7c present microstructure of the interface between Stellite coating
and AISI 4130 steel substrate obtained using travel speeds of worktable as 80, 100 and
125 mm/min respectively. These images reveal that coated layer formed an excellent
metallurgical bond with the substrate free from defects such as cracks and porosity and

having a uniform microstructure comprising of nearly vertical orientation of columnar
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Fig. 4.7: Microstructures of interface between Stellite coating and AISI 4130 steel

substrate at worktable travel speed of (a) 80 mm/min; (b) 200 mm/min; and (c) 125

mm/min.
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Values of SDAS and cooling rate ‘R’ (°C/s) computed using Eg. 4.4 (Zhong et al.,
2002) also explain the observed dendritic structure of the different coatings obtained using
different values of worktable travel speed. It can be observed from the values mentioned in
Table 4.3 that (i) there is an inverse relationship between cooling rate of coating and
SDAS, (ii) higher travel speed of worktable (i.e. 125 mm/min) produced smaller SDAS
value (1.74 um) resulting much finer carbide dispersion in dendrite due to higher cooling
rate, and (iii) lower travel speed worktable (i.e. 80 mm/min) produced higher SDAS value
(2.44 pum) resulting coarser dendritic structure due to higher heat input during deposition.

=Y
A
where, 2 is secondary dendritic arm spacing (um), R is Cooling rate (°C/s).

(4.4)

Table 4.3: Mean values of secondary dendritic arm spacing (SDAS) for Stellite coating at

different travel speed of worktable.

Travel speed of Mean value (standard deviation) of Cooling rate
worktable (mm/min)  secondary dendritic arm spacing ‘A’ (um) ‘R’ (°C/s)
125 1.74 (0.079) 6.69 x 103
100 2.10 (0.16) 3.81x 10°
80 2.44 (0.32) 2.42 x 10°

4.3.2.3.2 Line Scan Analysis

Line scan analysis was done to investigate change in wt.% of iron from the substrate to
coating material at different values of worktable travel speed and its results are shown
graphically in Fig. 4.8. It can be observed from this graph that (i) wt.% of iron decreases
from substrate to coating for all the values of worktable travel speed confirming that wt.%
of iron in substrate is barely transferred to the Stellite coating, (ii) higher worktable travel
speed (i.e. 125 mm/min.) gave minimum wt.% of iron in the Stellite coating whereas it
gave maximum iron content in the substrate, (iii) lower worktable travel speed (i.e. 80
mm/min.) gave maximum wt.% of iron in the Stellite coating whereas it gave minimum
iron content in the substrate. This can be explained by the fact that lower travel speed of
worktable increases heat input energy per unit length which increases stirring effect in the
melt pool causing diffusion of iron from the substrate to the coating material. This reduces
hardness, wear resistance and corrosion resistance of the Stellite coating (Liu et al., 2015).
It is generally recommended to minimize the dilution in Stellite coatings because
metallurgical bonding with minimum dilution helps in maintaining original properties of

the coating material.
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Fig. 4.8: Results of line scan analysis showing change in wt. % of iron from the substrate
to Stellite coating at different values of travel speed of worktable.

4.3.2.3.3 Microhardness

Fig. 4.9 shows the microhardness profile of Stellite coatings at different values of the
travel speed of worktable. It can be observed from this figure that (i) microhardness of
Stellite coating is much higher than the substrate for all the values of worktable travel
speed, (ii) higher travel speed of worktable (i.e. 125 mm/min) resulted in higher
microhardness of Stellite coating and lower microhardness of substrate whereas opposite
trend is obtained for lower travel speed of worktable (i.e. 80 mm/min), (iii) average values
of microhardness of Stellite coating are 558 HV, 533 HV, and 513 HV at 125, 100, and 80
mm/min worktable travel speed respectively, and (iv) microhardness of coating at a
particular value of worktable travel speed is almost constant confirming that the
microstructure is uniform throughout the coating. These observations can be explained by
the facts that (i) higher travel speed of worktable (i.e. 125 mm/min) results in minimum
dilution (i.e. 6.3%) and finer carbides giving higher value of microhardness whereas lower
travel speed of worktable (i.e. 80 mm/min) results in higher dilution (i.e. 10.5%) due to
higher heat input causing formation of coarser carbides (ii) formation of very hard carbide
phases such as Crz3C7, Cr;Csz and W>C imparts higher microhardness to Stellite coating as

compared to the substrate.
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Fig. 4.9: Microhardness profile of Stellite coatings at different values of travel speed of
worktable.

4.3.3 Concluding Remarks
Following concluding remarks can be made from the experimental investigations on

single-layer single-track and single-layer multi-track depositions of Stellite by u-PTAPD

process:

e Micro-plasma power of 407 W; worktable travel speed of 125 mm/min.; and powder
mass flow rate of 3.5 g/min gave minimum energy consumption per unit traverse
length (195.3 J/mm), power consumption per unit powder mass flow rate (6977.1 J/g)
and dilution (6.3%) in single-layer single-track deposition of Stellite. These were
identified as their optimum values for further experiments on single-layer multi-track
deposition of Stellite.

e For single-track deposition of Stellite (i) deposition height decreases with increase in
micro-plasma power and worktable travel speed while increases with powder mass
flow rate; (ii) deposition width decreases with increase in worktable travel speed,
increases with powder mass flow rate and not affected by micro-plasma power; (iii)
dilution increases with micro-plasma power and decreases with increase in worktable
travel speed and powder mass flow rate.

e Deposition height of multi-track increases with overlapping but its dilution decreases
with it. Overlapping value of 30% was found as optimum for multi-track deposition of
Stellite.
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e Phase analysis of Stellite coating revealed that primary phase consists of cobalt matrix
consisting of -Co and a-Co having HCP and FCC crystal structure respectively mixed
with chromium-rich carbides (Ci23Cs, Ci7Cs), and tungsten containing complex
carbides (W-C)

e Travel speed of worktable found to be the most important parameter affecting the
characteristics of Stellite coating.

e Stellite coating using higher value of travel speed of worktable had smaller SDAS
value, lower iron content and higher microhardness due to higher cooling rate and
consequently formation of finer carbides.

e Stellite coating using lower travel speed of worktable yielded larger SDAS value,
higher iron content and lower microhardness due to lower cooling rate and

consequently formation of coarser carbides.
4.4 Comparative Evaluation of p-PTAPD, PTAD and Laser-based

Processes for Stellite Coating

The main objective of this comparative evaluation was to study capabilities of p-
PTAPD process, PTAD process, and Nd-YAG laser-based deposition process in terms of
dilution, deposition thickness, microstructure, SDAS, micro-hardness and wear resistance
for manufacturing Stellite coating for different wear resistant applications.
4.4.1 Morphology

Figure 4.10 presents the optical microscopic images of Stellite coating on AISI 4130
steel substrate manufactured by p-PTAPD (Figure 4.10a), laser-based deposition (Figure
4.10b) and PTAD (Fig. 4.10c) in which microstructure of Stellite coating, heat affected
zone (HAZ) and substrate material can be seen. The optical images of u-PTAPD (Figure
4.10a) and laser-based deposition (Figure 4.10b) reveal that the Stellite coating has a good
surface appearance, smaller HAZ, excellent metallurgical bond with the substrate and free
from the defects such as cracks and porosity. In contrast, optical images of the Stellite
coating by PTAD process (Figure 4.10c) shows presence of porosity and cracks in the
coating which may be due to trapped gasses and varying contraction during the
solidification. It also indicates larger HAZ which is caused by more amount of heat input

used in PTAD process.
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Fig.4.10: Optical micrographs showing cross-section of the coatings of Stellite6
manufactured by (a) u-PTAPD; (b) laser-based deposition; and (c) PTAD processes.

Figures 4.11a-4.11c depict the SEM images of the Stellite coatings by the considered
deposition processes showing microstructure of the interface between Stellite coating and
AISI 4130 steel substrate. It can be observed from these figures that the Stellite coatings
have a uniform dendritic microstructure consisting of nearly vertically oriented columnar
dendrites which corresponds to growth of the crystal direction during the solidification
process. Table 4.4 presents the SDAS values, cooling rates, dilutions and thickness of
Stellite coatings manufactured by the considered deposition processes. Values of SDAS
and cooling rate ‘R’ (°C/s) also explain the observed dendritic structure of the Stellite
coatings. It can be observed that SDAS value of the coating by p-PTAPD process (1.74
pm) is almost same as that obtained by laser-based deposition process (1.72 um) which is
much smaller than that obtained by PTAD process (6.79 um). Smaller SDAS values by
laser-based deposition and pu-PTAPD processes result in finer dendritic structure than
PTAD because of faster cooling rate in u-PTAPD (6.69 x 10%) and laser-based deposition
(6.93 x 10%) processes. Similar SDAS values for PTAD and laser-based deposition
processes have also been presented by d’Oliveira et al. (2002). Comparison of dilution
values shows that p-PTAPD (6.3%) and laser-based deposition (5.8%) have very smaller
dilution as compared to PTAD (21.5%). This can be explained by the fact that higher heat
input in the PTAD increases amount of molten substrate material and consequently size of
the melt pool which leads to higher distortion and higher HAZ. Thickness of Stellite
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coatings manufactured by p-PTAPD (0.7 mm) and laser-based deposition (0.9 mm)
processes are smaller than that given by PTAD process (2.6 mm). It shows that PTAD
process has higher deposition efficiency but slows down the solidification rate leading to a
less efficient heat flow through the substrate. Higher thickness of coating increases the
coating cost in wear and corrosion resistant applications where strong bond of thin coating

with the substrate is required.
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Fig. 4.11: SEM images showing microstructures of the interface between the AISI 4130

steel substrate and coatings of Stellite 6 manufactured by (a) u-PTAPD; (b) laser-based
deposition; and (c) PTAD processes.
Table 4.4: Mean values of SDAS, cooling rate, dilution and coating thickness for different

processes of Stellite coating.

Process name Mean value Cooling rate  Dilution Mean value of
(standard deviation) ‘R’ (°C/s) (%) the coating
of SDAS ‘A’ (um) thickness (mm)
M-PTAPD 1.74 (0.074) 6.69 x 10° 6.3 0.7
Laser-based deposition 1.72 (0.069) 6.93 x 10° 5.8 0.9
PTAD 6.79 (0.097) 1.12 x 102 21.5 2.6
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4.4.2 Microhardness

Figure 4.12 shows the microhardness profile of Stellite coatings obtained by p-PTA
powder deposition, laser deposition and PTAD processes. Microhardness profile can be
divided into three regions: Stellite coating, interface and substrate. It can be observed from
this figure that average values of microhardness of Stellite coating are 553 HV, 551 HV
and 501 HV for u-PTAPD, laser-based deposition and PTAD processes respectively. It
means that the Stellite coatings by p-PTAPD and laser-based deposition processes have an
almost similar value of microhardness which is much higher than that of the coating
manufactured by PTAD process. These observations can be explained by the fact that
higher cooling rate in p-PTAPD and laser-based deposition processes results in minimum
dilution and finer carbides giving higher values of microhardness whereas lower cooling
rate due to higher heat input in the PTAD process which results in higher dilution (i.e.
21.5%) and formation of coarser carbides. It can also be observed from Fig. 4.12 that there
is a significant improvement in Stellite coating as compared to the substrate due to
formation of very hard carbide phases such as Cr23C7, Cr7Cz and W-C which impart higher
hardness. Microhardness profile also shows that there is a sharp decrease in microhardness
at interface of Stellite coatings manufactured by p-PTAPD and laser-based deposition
processes as compared to coating manufactured by PTAD process which implies existence
of small diluted region at the interface of coating and substrate in the Stellite coatings

manufactured by u-PTAPD and laser-based deposition processes.
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Fig. 4.12: Microhardness profile of the coatings of Stellite 6 manufactured by p-PTA

powder deposition, laser-based deposition and PTAD processes.
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4.4.3 Wear Characteristics

Two-body and three-body wear causes different wear mechanisms such as micro-
cutting, micro-ploughing, micro-cracking or micro-fatigue in the abrasive wear of the
coatings. It is a complex phenomenon and depends on many factors including hardness,
cyclic stress and surface topography of the coating material. Figures 4.13a-4.13c and
4.14a-4.14c present variation of wear volume and coefficient of friction respectively with
the sliding distance and Figs. 4.15a-4.15c depict SEM images showing wear mechanism
for the coatings of Stellite 6 manufactured by pu-PTAPD, laser-based deposition and

PTAD processes. Following observations can be made from these figures:

e Coatings manufactured by laser-based deposition and p-PTAPD processes have lower
wear volume than the coating manufactured by PTAD process for all the values of the
sliding distance (Fig. 4.13). This result can be correlated to the results of microstructure
(Fig. 4.11), dilution (Table 4.4) and microhardness (Fig. 4.12). It shows that formation
finer carbides, lower dilution and higher micro-hardness of Stellite coatings exhibit
lower wear volume.

e Wear volume of the coating manufactured by PTAD process increases drastically after
400 m sliding distance due to extensive ploughing of the coating material (Fig. 4.15c).

e |t can be seen from the graphs of coefficient of friction for the coatings manufactured
by u-PTAPD (Fig. 4.14a) and laser-based deposition (Fig. 4.14b) processes that their
values of coefficient of friction remain constant in range 0.25-0.35 with minor
variations over the entire sliding distance. This will result in less frictional resistance by
the coatings and smooth motion of any surface against them. The SEM images shown
in Figs. 4.15a and 4.15b indicate that wear of Stellite coatings manufactured by these
processes takes place by micro-ploughing which forms very shallow grooves and brittle
micro-cutting (only in case of u-PTAPD) leading to very less wear debris which
implies better wear resistance of the coatings.

e Graph of coefficient of friction for the PTAD manufactured coating (Fig. 4.14c) shows
many irregular fluctuations with comparatively very high mean value of coefficient of
friction and its wear shown in Fig. 4.15c indicates formation of deep grooves by
repetitive ploughing and eventually breaking of these edges during the wear test. This is
suggestive of three-body abrasive wear during relative motion of any surface against

this coating by entrapment of some wear debris.
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Fig. 4.15: SEM images showing wear mechanism of various Stellite coatings
manufactured by (a) u-PTAPD; (b) laser-based deposition; and (c) PTAD processes.

Figures 4.16a, 4.16b and 4.16c present the 3D surface profiles of the wear tracks on the
Stellite coatings manufactured by yu-PTAPD, laser-based deposition and PTAD processes
respectively. These images help to understand those aspects of wear of the coatings which
cannot be indicated by 2D microscopic images of top surfaces of the wear tracks. Wear
tracks on the coatings manufactured by p-PTAPD (Fig.4.16a) and laser-based deposition
(Fig.4.16b) are smaller and shallower (having depths of approximately 5 um and 4.8 pm
respectively which is shown along the vertical axis). It signifies less loss of coating
material due to abrasive wear which implies harder coating. Wear track on Stellite coating
manufactured by PTAD process (Fig. 4.16c) is longer and deeper (depth approximate 9
pm) indicating more loss of coating material by abrasive wear which means softer coating.
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Fig. 4.16: Three-dimensional surface profiles of the wear tracks formed during abrasive
wear test on the Stellite coatings manufactured by (a) u-PTAPD; (b) laser-based
deposition; and (c) PTAD processes.

4.4.4 Concluding Remarks
Following concluding remarks can be made from comparative evaluation of p-

PTAPD, laser-based deposition; PTAD processes for Stellite coating:
Stellite coating manufactured by u-PTAPD and laser-based deposition processes had

[ ]
smaller HAZ, absence of defects and finer dendritic structure with smaller SDAS value

than the coating manufactured by PTA deposition.
M-PTAPD and laser-based deposition processes are capable of manufacturing thin

coatings of less than 1 mm with lower dilution. It is suitable for wear and corrosion
resistant applications where strong bond of thin coating with the substrate material is

required.
Stellite coating manufactured by p-PTAPD process had almost similar value of

[ )
average microhardness (553 HV) that manufactured by laser-based deposition (551

HV) and much higher than the coating manufactured by PTAD process (501 HV).
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e Stellite coating by u-PTAPD and laser-based deposition result in a relatively stable
coefficient of friction with considerably minor variations and wear of Stellite coating
by very shallow grooves while PTAD shows irregular fluctuations with higher
coefficient of friction and wear of coating material by extensive ploughing.

o Stellite coating by u-PTAPD and laser-based deposition processes exhibited lower
wear volume than PTA deposition.

e This proves that u-PTAPD process has the capability to provide advantages of the
laser-based deposition for Stellite coating at much lower cost and higher energy and
material efficiency.

The next chapter presents planning and details of the experimental work, evaluation

and characterization of the responses as well as results and analyses for the additive
manufacturing of titanium alloy by p-PTAPD process.
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Chapter 5

Investigations on AM of Titanium Alloy Component

This chapter presents planning and details of the experimental investigations,
evaluation and characterization of the responses as well as results and analyses for the
additive manufacturing of titanium alloy by p-PTAPD process. It describes the effect of
input process parameters on single-layer single-track deposition characteristics such as
deposition height, deposition width, power consumption per unit mass flow rate of powder
and energy consumption per unit traverse length. It also presents details of the
characterization and analyses of multi-layer single-track deposition of Ti-6Al-4V by
continuous and dwell modes. It ends with comparison of performance of u-PTAPD with
other existing AM processes.

5.1 Planning and Details of Experimentation

The experimental investigations on additive manufacturing of Ti-6Al-4V by u-PTAPD
process was conducted in three stages using the research methodology shown in Fig. 2.5
with objectives to (i) to identify optimum values of six influential parameters of u-PTAPD
process (i.e. micro-plasma power, travel speed of deposition head, powder mass flow rate,
shielding gas flow rate, plasma gas flow rate and stand-off-distance) for multi-layer single-
track deposition of Ti-6Al-4V on substrate of the same material, and (ii) to study their
effects on deposition characteristics, tensile properties, microstructure evolution,
microhardness, and wear characteristics. All the experiments of all three stages were
conducted using the microcontroller programed manipulator system (as shown in Fig. 3.9)
in which deposition head of p-PTAPD process was provided precisely controlled
movement along the X, Y and Z directions using stepper motor for each axis. Pilot
experiments were conducted in the 1% stage to identify those feasible values of six
considered parameters of u-PTAPD process for the main experiments which ensured
continuous single-layer single-track deposition of Ti-6Al-4V powder on substrate of the
same material. The identified values for the main experiments were: 418; 429; and 440 W
for micro-plasma power, 52; 57; and 62 mm/min for travel speed of the deposition head,
1.5; 2.1; and 2.7 g/min for Ti-6Al-4V powder mass flow rate, 5 NI/min for shielding gas
(i.e. argon) flow rate, 0.3 NI/min for plasma gas (i.e. argon) flow rate and 10 mm for
stand-off-distance. Twenty-seven full factorial main experiments were conducted in the

2"d stage by varying micro-plasma power, powder mass flow rate and travel speed of the
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deposition head to identify their optimum values considering minimum energy
consumption aspects. Identified optimum values were: micro-plasma power as 418 W;
powder mass flow rate as 2.7 g/min; and travel speed of deposition head as 62 mm/min. In
the 3" stage of experimentation, thin wall structures of Ti-6Al-4V were made by moving
the deposition head in following two ways for its multi-layer single-track deposition by p-
PTAPD process using the optimum values identified from the main experiments: (i)
continuous deposition, and (ii) dwell-time deposition.
5.1.1 Pilot Experiments for Single-layer Single-track Deposition

Pilot experiments were conducted to identify feasible values of six significant
parameters of u-PTAPD process namely plasma gas flow rate, stand-off-distance, micro-
plasma power, powder mass flow rate, travel speed of deposition head, and shielding gas
flow rate by depositing single-layer single-track of Ti-6Al-4V. Table 5.1 presents the
ranges of these parameters used in the pilot experiments along with their identified
feasible values for the main experiments. Pilot experiments were conducted by varying six
significant parameters of u-PTAPD process (namely flow rate of plasma gas, stand-off
distance, micro-plasma power, flow rate of powder, travel speed of the deposition head,
and flow rate of shielding gas) using one-factor-at-time experimental design approach and
keeping other parameters fixed at their minimum values in their respective ranges

During the pilot experiments, flow rate of the plasma gas was varied in the range from
0.1 to 0.5 NI/min and it was observed that minimum flow rate of the plasma gas required
to form the micro-plasma and transfer it to the substrate was 0.3 NI/min. Its higher values
resulted in spread of the of melt pool generating dimple like impression over top surface of
the deposition. The stand-off-distance (SOD) between the deposition head and the
substrate was varied from 4 to 12 mm and using 0.3 NI/min as the plasma gas flow rate. It
was found that 10 mm was sufficient SOD to ensure supply of the powdered material to
the center of the melt pool. Values of SOD less and more than 10 mm resulted in wastage
of the powdered deposition material. Minimum micro-plasma power of 418 W was
required to melt powder of Ti-6Al-4V therefore, 418; 429; and 440 W were identified
value for the further experiments. Discontinuous single-layers were generated for travel
speed of deposition head being greater than 62 mm/min whereas, its value smaller than 52
mm/min resulted in a higher heat affected zone therefore 52, 57, and 62 mm/min were
identified for the main experiments. Flow rate of powder more than 1.5 g/min allowed

smooth powder feeding and uniform deposition for Ti-6Al-4V whereas its value more than
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2.7 g/min gave non-uniform and partially melted powder deposition therefore, values of
1.5; 2.1; and 2.7 g/min were bracketed for the main experiments. Flow rate of shielding
gas 5 NI/min was found satisfactory to protect the molten pool from the atmospheric
contamination whereas, its higher values resulted in spread of the of melt pool generating
dimple like impression over top surface of the deposition. Flow rate of powder, micro-
plasma power, and travel speed of deposition head were found to be the most significant
parameters affecting the quality of single-layer deposition. Therefore, these parameters

were identified as variables in the next stage of experimental investigations.

Table 5.1: Range of the process parameters used in the pilot experiments and identified
values for the main experiments for investigations on additive manufacturing of Ti-6Al-
4V alloy by pu-PTAPD process.

Process parameters Range used in the Value identified for the
pilot experiments  main experiments

Plasma gas flow rate (NI/min) 0.1-0.5 0.3

Stand-off-distance (mm) 4-12 10

Micro-plasma power (W) 242 - 440 418; 429, 440

Powder mass flow rate (g/min) 0.5-12.0 1.5;2.1;2.7

Travel speed of deposition head (mm/min) 30 -150 52;57; 62

Shielding gas flow rate (NI/min) 2.0-9.0 5

5.1.2 Main Experiments for Single-layer Single-track Deposition

Twenty-seven mains were planned and performed using the full factorial approach of a
design of experiments depositing single-layer single-track of Ti-6Al-4V alloy on substrate
of the same material. In these experiments, micro-plasma power, powder mass flow rate
and travel speed of the deposition head was varied at three levels each while values of
other three variables (i.e. plasma gas flow rate, shielding gas flow rate, and SOD) were
kept constant using their values mentioned in Table 5.1. Out of twenty-seven main
experiments, ten parametric combinations which produced continuous and uniform single-
layer single-track deposition of Ti-6Al-4V on substrate of the same materials along with
their measured (i.e. deposition width and height) and computed responses (i.e. energy
consumption per unit traverse length and power consumption per unit powder mass flow
rate) are presented in Table 5.2. These experiments identified optimum values of micro-
plasma power (as 418 W), powder mass flow rate (as 2.7 g/min), and travel speed of the
deposition head (as 62 mm/min) using criteria of minimum energy and power

consumption aspects for further experimental investigations.
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5.1.3 Experiments for Multi-layer Single-track Deposition

Identified optimum values of micro-plasma power, powder mass flow rate, and travel
speed of deposition head as mentioned above were used for multi-layer single-track (thin
wall structures) deposition of Ti-6Al-4V alloy on substrate of the same material by
moving the deposition head in following two ways: (i) continuous deposition: depositing
the successive layers both in forward and backward direction movement of the deposition
head; (ii) dwell-time deposition: depositing the successive layers only in the forward
direction movement of the deposition head only when the previously deposited layer cools
down to 100°C with temperature being monitored by an infrared pyrometer. This was
decided based upon observations of the five experiments conducted keeping temperature
of the previously deposited layer as 500 °C, 400 °C, 300 °C, 200 °C and 100°C during
deposition of the next layer. Small debonding or spallation of layer with the substrate at
starting point was observed when temperature of the previously deposited layer was kept
more than 100°C. Therefore, temperature of the previously deposited layer was kept as
100 °C in the dwell-time multi-layer deposition. Ti-6Al-4V has relatively poor thermal
conductivity (7.2 W/mK) as compared to other metals therefore, its dwell-time multi-layer
deposition can significantly affect its microstructure and mechanical properties (Martina et
al., 2012)
5.2 Evaluation and Characterization of the Responses

Evaluation of various characteristics of Ti-6Al-4V depositions manufactured by p-
PTAPD process is essential to quantify its performance. It also helps in evaluating and
characterizing the morphology and mechanical properties of the responses. Following
paragraphs describe details of the evaluation and characterization of the different
responses used in the experimental investigations on Ti-6Al-4V depositions by u-PTAPD
process.
5.2.1 Evaluation of Deposition Geometry

Samples of the single-layer single-track depositions of Ti-6Al-4V corresponding to 10
main experiments and the six samples of multi-layer single-track depositions of Ti-6Al-4V
were cut transversely and prepared using the standard metallographic procedure for optical
microscopy. The deposition heights and deposition width of single-layer single-track
depositions of Ti-6Al-4V corresponding to 10 main experiments were measured using the
optical microscope. Optical micrographs of multi-layer single-track depositions of six

samples were analyzed with the help of AutoCAD software to measure the total wall
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width (TWW), effective wall width (EWW) and different deposition areas as depicted in
Fig. 5.1. These parameters were used to compute the deposition efficiency (DE) and

deposition waviness (DW) of continuous and dwell-time mode depositions of Ti-6Al-4V.
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Fig. 5.1. Geometry of a typical multi-layer deposition.

5.2.2 Characterization of Microstructure

Samples of multi-layer single-track depositions (3 samples corresponding to
continuous deposition and 3 samples corresponding to dwell-time deposition) of Ti-6Al-
4V were prepared by cutting the depositions along the deposition height on the computer
numerically controlled (CNC) wire electric discharge machining (WEDM) machine.
Subsequently, these samples were polished and etched in a solution of Kroll’s reagent
containing 3 ml HF, 6 ml HNOs and 92 ml water in accordance with the ASTM standard
E407. The microstructures of prepared samples were observed using FE-SEM and values
of lamellae widths were measured from the top of the multi-layer single-track deposition
to the substrate at an interval of 1 mm.
5.2.3 Evaluation of Tensile Properties

Specimens of 25 mm gauge length and 6 mm width (3 samples of continuous
deposition of Ti-6Al-4V, 3 samples of dwell-time deposition of Ti-6Al-4V, and 3 samples
of Ti-6Al-4V substrate) were cut on the CNC-WEDM machine for evaluation of their
tensile properties. These specimens were ground and polished to dimensions as per the
requirements of ASTM specifications E8. Figure 5.2 shows photographs of multi-layer
single-track deposition and substrate samples prepared for tensile testing. The tensile test

was conducted on the prepared specimens using a universal tensile testing machine (model
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H50KL from Tinius Olsen USA) loading it at a displacement rate of 0.25 mm/min. Mean
values of yield strength, ultimate strength, and % elongation for continuous deposition,
dwell-time deposition, and substrate of Ti-6Al-4V were computed by taking average of

values of the corresponding samples.

Fig. 5.2: Photographs of the samples prepared for tensile testing.

5.2.4 Evaluation of Microhardness

Samples of multi-layer single-track deposition (3 samples corresponding to continuous
deposition and 3 samples corresponding to dwell-time deposition) were cut along their
cross-section on the CNC WEDM machine and then fine polished to measure their
microhardness from the deposition to substrate at an interval of 1 mm on Vicker’s
microhardness tester according to the ASTM standard E92-82 using a load of 500 g for
duration of 15 seconds.
5.2.5 Evaluation of Wear Characteristics

Wear characteristics of continuous and dwell-time depositions of Ti-6Al-4V at low
contact stresses with respect to the hard surfaces were studied using linear reciprocating
type wear testing machine (model CM9104 from Ducom USA). This is important because
titanium alloys are widely used in biomedical applications such as knee implants, hip
joints, surgical devices, bone screws, bone plates, dental implants and industrial
applications of compressor blades, fan blades, hubs and discs where wear resistance is
extremely important requirement. Three samples of dimension 15 mm x 15 mm X 4 mm
were cut to test their wear resistance in accordance with the ASTM Standard G133. These
samples were tested using 5 mm diameter tungsten carbide ball under dry conditions at
5Hz, 10 Hz and 15Hz frequency for 15 min time under a load of 15 N. Each wear test was
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repeated three times. Wear volume was determined by measuring the mass loss of the

sample during the wear test using a weight balance having least count of 0.01 mg and

dividing it by density of the deposition material.

5.3 Results and Analyses
Following paragraphs describes the results obtained in each stage of experimental

investigations on Ti-6Al-4V depositions by p-PTAPD process along with their

interpretation, analysis and main concluding remarks.

5.3.1 Analysis of Single-layer Single-track Deposition
Table 5.2 presents the parametric combinations used in 27 main experiments along

with the corresponding measured responses, computed responses (i.e. ‘Er’ using Eq. 4.1

and ‘Ps’ using Eq. 4.2) and observed response (i.e. quality of deposition).
Following observations can be made from Table 5.2:

e Only ten (corresponding to exp. no. 2, 7, 8, 9, 13, 14, 18, 19, 26, and 27) out of the 27
main experiments yielded continuous and uniform single-layer deposition.

e The values of the height and width of deposited layer for these parametric
combinations is obtained in the range of 1.52 to 2.35 mm and 2.68 to 3.37 mm
respectively.

e Higher flow rate of powder and travel speed have resulted in smaller values of ‘E;’ and
‘Pr” whereas their lower values have yielded larger values of ‘E,” and ‘Ps’.

e Maximum values of ‘Ey” and ‘Ps* were found to be 507.6 J/mm and 17,600 J/g
respectively in experiment no. 19 having p-plasma power as 440 W; flow rate of
powder as 1.5 g/min; and travel speed of deposition head as 52 mm/min. It produced
deposition height as 2.02 mm and deposition width as 3.3 mm.

e Minimum values of ‘E;” and ‘Ps were found to be 404.5 J/mm and 9288.8 J/g
respectively in experiment no. 9 having p-plasma power as 418 W; flow rate of
powder as 2.7 g/min; and travel speed of deposition head as 62 mm/min. It produced
deposition height as 1.89 mm and deposition width as 2.7 mm and their optical image
of cross- sectional profile is shown in Fig. 4. It shows that smaller contact angle (©)
between deposition and fusion line due to interfacial surface tension force which

produces good wetting between the deposition and the substrate.
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Table 5.2: Parametric combinations used in 27 main experiments along with
corresponding measured, computed and observed responses.
Exp. Variable input parameters Measured responses Computed Observed
No. responses response
p-plasma Flow rate  Travel speed of Deposition Deposition  “Ps’ ‘Er Quality of
power  of powder deposition head width height (mm) (J/g) (J/mm) deposition*
‘P’(W)  f(g/min) T’ (mm/min) (mm)
1. 418 15 52 2.79 2.14 16720 482.3 NUD
2. 418 2.1 52 2.81 2.31 11942.8 4823 CUD
3. 418 2.7 52 2.89 2.35 9288.8 4823 NUD
4, 418 15 57 2.69 2.03 16720 440 NUD
5. 418 2.1 57 2.72 2.10 11942.8 440 NUD
6. 418 2.7 57 2.78 2.13 9288.8 440 NUD
7. 418 15 62 2.66 1.52 16720 4045 CUD
8. 418 2.1 62 2.68 1.72 11942.8 4045 CUD
9. 418 2.7 62 2.70 1.89 9288.8 4045 CUD
10. 429 15 52 2.95 1.82 17160 495 NUD
11. 429 2.1 52 2.99 1.86 12257.1 495 NUD
12. 429 2.7 52 3.11 1.95 9533.3 495 NUD
13. 429 15 57 2.93 1.97 17160 4515 CUD
14. 429 2.1 57 3.15 2.06 122571 4515 CUD
15. 429 2.7 57 2.85 2.10 9533.3 4515 NUD
16. 429 15 62 2.84 1.96 17160 415.1 NUD
17. 429 2.1 62 2.88 1.99 12257.1 415.1 NUD
18. 429 2.7 62 2.74 1.64 9533.3 4151 CUD
19. 440 15 52 3.30 2.02 17600 507.6 CUD
20. 440 2.1 52 3.34 2.09 12571.4 507.6 NUD
21. 440 2.7 52 3.37 2.3 9777.7 507.6 NUD
22. 440 15 57 2.94 1.65 17600 463.1 NUD
23. 440 2.1 57 2.96 1.76 12571.4 463.1 NUD
24. 440 2.7 57 2.99 2.00 9777.7 463.1 NUD
25. 440 15 62 2.89 1.42 17600 425.8 NUD
26. 440 2.1 62 3.12 1.53 12571.4 425.8 CUD
27. 440 2.7 62 3.10 1.60 9777.7 4258 CUD

“NUD: non-uniform deposition; CUD: continuous and uniform deposition

Fig. 5.3: Optical micrograph of continuous single-layer deposition of Ti-6Al-4V

corresponding to exp. no. 9.
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5.3.2 Analysis of Multi-layer Single-track Deposition

The parametric combination corresponding to exp. no. 4 in Table 5.2 (which resulted in
minimum °‘E;’ and ‘Ps’) was used for multi-layer single-track depositions in continuous
and dwell-time modes producing a 100 mm long straight wall consisting of 20 deposition
layers of Ti-6Al-4V.
5.3.2.1 Deposition Characteristics

Figures 5.4 and 5.5 present the optical micrograph of cross-section and photograph of
multi-layer single-track deposition of Ti-6Al-4V in continuous and dwell-time mode on
substrate of the same material respectively. Micrograph of the continuous deposition (Fig.
5.3a) shows inter-layer cracks and voids which may be formed due to non-uniform
thermal expansion during the solidification process. It indicates weak bonding between
different deposition layers and between the deposition and substrate because continuous
deposition produces higher heat which causes thermal gradient between the deposition and
substrate. In contrast, dwell-time deposition of Ti-6Al-4V (Fig. 5.4a) depicts that there is
no inter-layer cracks and voids and has very good metallurgical bonding between the
deposition layers and between the deposition and substrate. The multi-layer single-track
depositions were further analyzed for measuring TWW and EWW and calculating DE
using Eq. 5.1 and DW using Eq. 5.2 (Martina et al. 2012). Table 5.3 presents their results.
It can be observed that continuous deposition of Ti-6Al-4V has higher deposition
waviness and lower deposition efficiency than that of the dwell-time deposition. This
implies that a component manufactured using continuous deposition will require more
amount of finishing which will increase cost and wastage of the deposition material.

Area'A’

Deposition ef feciency = Tred' A T Ared’ B ¥ Ared x 100 (5.1)

TWW — EWW
2

Deposition waviness =

(5.2)
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Fig. 5.4: Multi-layer single-track deposition of Ti-6Al-4V in continuous mode by p-
PTAPD process (a) optical micrograph of cross-section; and (b) photograph.

Fig. 5.5: Multi-layer single-track deposition of Ti-6Al-4V in dwell-time mode by p-

PTAPD process (a) optical micrograph of cross-section; and (b) photograph.

Table 5.3: Mean values of total wall width, effective wall width, deposition efficiency and

surface straightness for continuous and dwell-time depositions of Ti-6Al-4V.

Deposition type Total wall width Effective wall Deposition Deposition
(mm) width (mm) efficiency (%) waviness (mm)
Continuous depositions 4.1 3.32 77.2 0.39
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Dwell-time depositions  3.73 351 89.5 0.11

5.3.2.2 Microstructure

Figures 5.6a-5.6f present microstructure of continuous (Fig. 5.6a-5.6¢) and dwell-time
(Fig. 5.6d-5.6f) depositions of Ti-6Al-4V by u-PTAPD processes near the top, middle and
bottom positions along the deposition height. The microstructures of continuous
deposition of Ti-6Al-4V shown in Figs. 5.6a and 5.6b at top and middle positions along
the deposition height respectively depict coarse grained microstructure having colonies of
lamellar o and p phases placed within the boundaries of the big grains. This is due to
slowing down of the solidification process by higher heat content in continuous
depositions of Ti-6Al-4V which causes larger melt pool. When the molten material is
cooled at sufficiently slow rates from the B-phase into the a-f phase region then a-phase
lamellae nucleate preferentially at B grain boundaries leading to continuous o-layer along
B-grain boundaries. These a-lamellae continue to grow until they reach to other a-colonies
nucleated at other grain boundaries. The individual a-lamellae are separated within a-
colonies by the retained B-matrix. The bimodal microstructure also observed near the
bottom region of the continuous deposition (Fig. 5.6¢) which consists of equi-axed a-
phase in coarse o-f lamellar structure due to very slow cooling and recrystallization. Top
region of the dwell-time deposition of Ti-6Al-4V (Fig. 5.6d) exhibits needle like
microstructure suggesting formation of martensite consisting of o’-phase. Providing dwell-
time between deposition of two successive layers of Ti-6Al-4V increases cooling rate
which helps in martensitic transformation directly from the B-phase. Lin et al. (2016)
reported that minimum cooling rate of 20 °C per second is essential for the formation of
martensitic phases and if cooling rate is more than 410°C per second then entire
microstructure can transform to as acicular martensite. Baufeld et al. (2011) mentioned
that martensite with extremely fine acicular structure exhibits high strength and hardness
but relatively low toughness and ductility. The middle region of dwell-time deposition
(Fig. 5.6e) depicts fine basket-weave microstructure which is generally produced by faster
cooling rate from B-transition temperature which reduces both a-lamellae thickness and a-
colony size. Additionally, new a-lamellae nucleated at other grain boundaries grow
perpendicularly to the existing lamellae. This leads to formation of the basket-weave
microstructure. Bottom region of dwell-time deposition (Fig. 5.6f) shows the fine lamellar
structure also known as Widmanstatten microstructure which is typically consequence of

multiple thermal cycles. Deposition of new layer on the previously deposited layer affects
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the microstructure of previous layer by possible re-melting and reheating in the 3 or (a-f)
phase field.
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Fig. 5.6: Microstructure of continuous deposition of Ti-6Al-4V (a, b and c) and dwell-
time deposition of Ti-6Al-4V (d, e and f): (a) and (d) top position; (b) and (e) middle
position; and (c) and (f) bottom position along the deposition height.

Figure 5.7 shows lamellae widths measured from the microstructures of continuous
and dwell-time depositions of Ti-6Al-4V. It can be observed from this figure that (i) both
continuous and dwell-time depositions exhibit smaller width of lamellae in the top region

than that in the bottom region, (ii) lamellae widths of dwell-time deposition are smaller
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than that of continuous deposition. Therefore, it can conclude that faster cooling rate in

dwell-time deposition decreases lamellae width and results in the finer microstructure.
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Fig. 5.7: Lamellae widths for continuous and dwell-time depositions of Ti-6Al-4V.
5.3.2.3 Tensile properties

Table 5.4 presents mean values of the ultimate strength, yield strength and %
elongation for continuous and dwell-time multi-layer single-track deposition of Ti-6Al-4V
by u-PTAPD process. It can be observed that dwell-time deposition has a much higher
ultimate strength (930.3 MPa) and yield strength (890 MPa) than that of continuous
deposition and Ti-6Al-4V substrate. But, continuous deposition exhibits higher %
elongation (18.2 %) and ductility than the dwell-time deposition and Ti-6Al-4V substrate.
This can be explained by fact that rapid solidification of dwell-time deposition of Ti-6Al-
4V restrains the growth of lamellar structure results in the fine microstructure. The fine
microstructure of partial acicular martensite and basket-weave structure imparts higher
yield and ultimate strength.
Table 5.4: Mean values of the yield strength, ultimate strength and strain for continuous
and dwell-time depositions of Ti-6Al-4V.

Specimens Mean value of  Mean value of Mean value
yield strength ultimate strength of elongation
(MPa) (MPa) (%)
Continuous deposition 754 788 18.2
Dwell-time deposition 890 930.3 13.2
Ti-6Al-4V substrate 785 805.6 17.3
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Figure 5.8 depicts fractography of the tensile specimen of the multi-payer depositions
of Ti-6Al-4V by p-PTAPD process. Tensile specimen fractured surface of dwell-time
deposition (Fig. 5.8a) exhibits fine dimple rupture while that of continuous deposition
(Fig. 5.8b) shows occurrence of tear ridges or elongated regions due to coarse lamellar
microstructure which imparts the ductility to it. These results can be correlated to the
lamellae width (Fig. 5.7) thus relating microstructure refinement with mechanical
properties. It means that ductility increases with increase in lamellae width but ultimate
and yield strength decreases. These results suggest that dwell-time deposition provides
combination of good strength and good ductility which satisfy the ASTM F1108

specifications.
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Fig. 5.8: Fractography of tensile specimen of (a) dwell-time; and (b) continuous
depositions of Ti-6Al-4V.

5.3.2.4 Microhardness

Figure 5.9 presents microhardness profile for continuous and dwell-time depositions of
Ti-6Al-4V by u-PTAPD process. It can be observed from this figure that (i)
microhardness of dwell-time deposition of Ti-6Al-4V is much higher than the continuous
deposition due to its rapid cooling which leads to formation of finer microstructure; (ii)
higher microhardness near top region and slight increase in microhardness near HAZ in
both continuous and dwell-time depositions of Ti-6Al-4V due to formation of harder
martensitic a’-phase near the top region. This proves that mechanical properties of the Ti-
6Al-4V depositions are significantly affected by the thermal cycle and the developed

microstructures.
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Fig. 5.9: Microhardness profile for the continuous and dwell-time depositions of
Ti-6Al-4V alloy.

5.3.2.5 Wear Characteristics

Wear is a complicated phenomenon and it depends on many factors including hardness,
morphology, surface topography and cyclic stress. Two-body and three-body abrasive
wear appear in different forms such as micro-ploughing, micro-cracking, micro-cutting or
micro-fatigue. Figure 5.10 present variation of wear volume with frequency for continuous
and dwell-time depositions of Ti-6Al-4V by p-PTAPD process. Figures 5.11a-5.11c show
variation of coefficient of friction with the time for three frequency values and Figs. 5.12a
and 5.12b illustrate wear mechanism for dwell-time and continuous depositions of Ti-6Al-
4V respectively. Following inferences can be made from these figures:

e Dwell-time deposition has lower wear volume than continuous deposition of Ti-6Al-
4V for all values of frequency (Fig. 5.10). Wear volume of continuous deposition
increases drastically at 15 Hz frequency due to extensive ploughing and micro-cutting
of the deposition. This result can be correlated to the results of microstructure (Fig.
5.6) and microhardness (Fig. 5.9). It shows that formation finer partial martensite and
basket-weave microstructure and higher microhardness of dwell-time deposition of Ti-
6Al-4V help it in exhibiting lower wear volume.

e Coefficient of friction for dwell-time deposition of Ti-6Al-4V is smaller than that of
continuous deposition at all values of frequency (Figs. 5.11a-5.11c). Figure 5.11a

shows that values of coefficient of friction for dwell-time deposition at 5 Hz frequency
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remain vary in a very narrow range (0.002-0.012) which will result in less frictional
resistance. SEM image of its worn surface (Fig. 5.12a) indicate that its wear takes
place by micro-ploughing which forms very shallow grooves and micro-cutting
resulting in very less wear debris i.e. better wear resistance.

Coefficient of friction for continuous deposition of Ti-6Al-4V shows many irregular
fluctuations at higher frequency (Figs. 5.11b and 5.11c) with comparatively higher
mean value of coefficient of friction. SEM image of worn surfaces of continuous
deposition (Fig. 5.12b) indicates formation of deep grooves by repetitive ploughing
and eventually breaking of grooves’ edges. This is suggestive of three-body abrasive

wear during relative motion of any surface against this surface by entrapment of some

wear debris.
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Fig. 5.10: Variation of wear volume with frequency for continuous and dwell-time
depositions of Ti-6Al-4V.
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depositions of Ti-6Al-4V.
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5.3.2.6 Comparison of Dwell-time Deposition by p-PTAPD Process with the
Existing Processes for Ti-6Al-4V Deposition
Table 5.5 presents comparison of dwell-time deposition with the existing processes for
multi-layer single-track deposition of Ti-6Al-4V in terms of ‘Pt ‘Ey’, ultimate tensile
strength, strain, microhardness and cost.
Table 5.5: Comparison of dwell-time p-PTAPD process with the existing processes for
multi-layer single-track deposition of Ti-6Al-4V.

Authors (Year) Typeof  Power Energy Ultimate Strain Average  Cost of
energy consumption per consumption tensile (%) value of  operation
source unit powder mass per unit traverse strength microhard and power

flow rate (J/g) length (J/mm)  (MPa) ness (HV) supply

Baufeld et al. Nd:YAG Not applicable 88 980- 3.5-6 450 Higher

(2011) laser (used wire) 1,140

Brandle et al. Nd:YAG Not applicable 350 925 12 Not Higher

(2011) laser (used wire) available

Gharbi et al. Yh:YAG 19,200-30,000 50-192 Not available Higher

(2013) laser

Mahamood et  Nd:YAG 27,777-2,50,000 50 Not available 391 Higher

al. (2017) laser

Linetal. (2016) Pulsed Not applicable ~ 519-823 988 7 360 Low
plasma arc (used wire)

Present work u-PTAPD 9,288 404 930 13.2 504 Medium

This comparative evaluation confirms that dwell-time pu-PTAPD process is cost-
effective than laser-based deposition processes and energy efficient than pulsed plasma
arc. It requires lower power consumption per unit mass flow rate of powder and gives
higher microhardness of multi-layer single-track deposition which results in lower wear
volume.

5.4 Additive Manufacturing of Typical Components of Ti-6Al-4V

The dwell-time p-PTAPD process was further employed to additively manufacture

complex geometry components such as hollow cylindrical and hollow rectangular shapes

as depicted in Fig. 5.13.
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Fig. 5.13: Photograph of typical components of Ti-6Al-4V manufactured by u-PTAPD

process (a) cylindrical, and (b) rectangular.

5.5 Concluding Remarks

Following concluding remarks can be made from the experimental investigations on

additive manufacturing of Ti-6Al-4V alloy by p-PTAPD process:

Single-layer single-track deposition of Ti-6Al-4V by p-PTAPD process has deposition
height and width in the range of 1.52 to 2.3 mm and 2.68 to 3.3 mm respectively.
Higher powder mass flow rate and travel speed of deposition head result in smaller
values of energy consumption per unit traverse length and power consumption per unit
mass flow rate of powder and vice-versa.

Identified optimum values of micro-plasma power, powder mass flow rate and travel
speed of deposition head corresponding to minimum values of power consumption per
unit mass flow rate of powder (9,288.8 J/g) and energy consumption per unit traverse
length (404.5 J/mm) are 418 W; 2.7 g/min; and 62 mm/min respectively. These were
used in continuous and dwell-time depositions of Ti-6Al-4V by u-PTAPD process.
Dwell-time deposition of Ti-6Al-4V vyielded higher deposition efficiency and lower
deposition waviness than continuous deposition i.e. continuous deposition will require
more finishing which increases cost and wastage of the deposition material.

Dwell-time deposition had good deposition quality with fine partial martensite and
basket-weave microstructure while continuous deposition has cracks, weak bonding
and coarser lamellar microstructure.
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e Both continuous and dwell-time depositions of Ti-6Al-4V have smaller lamellae
widths in the top region than that in the bottom region. Lamellae widths of dwell-time
deposition are smaller than that of continuous deposition. Faster cooling rate in dwell-
time deposition decreases lamellae width and results in the finer microstructure.
Ductility increases with increase in lamellae width but ultimate and yield strength
decreases.

e Dwell-time deposition of Ti-6Al-4V has higher yield and ultimate strength. Tensile
specimen fractured surface of dwell-time deposition exhibits fine dimple rupture while
that of continuous deposition shows occurrence of tear ridges or elongated regions.

e Dwell-time deposition of Ti-6Al-4V has higher microhardness, lower wear volume,
lower friction coefficient than continuous deposition. This is important because
titanium alloys are widely used in biomedical applications such as knee implants, hip
joints, surgical devices, bone screws, bone plates, dental implants and industrial
applications of compressor blades, fan blades, hubs and discs where wear resistance is
extremely important requirement.

e Wear of dwell-time deposition takes place by micro-ploughing which forms very
shallow grooves and micro-cutting resulting in very less wear debris. While that of
continuous deposition takes place by formation of deep grooves by repetitive
ploughing and eventually breaking of grooves’ edges.

e Comparative evaluation confirms that dwell-time pu-PTAPD process for Ti-6Al-4V
deposition has higher efficiency in power consumption and cost-effective than laser-
based deposition processes and yields higher microhardness which will result in

smaller wear volume.

The next chapter presents planning and details of the experimental work, evaluation
and characterization of the responses as well as results and analyses for the texturing of
HSS tool by p-PTAPD process.
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Chapter 6

Investigations on Texturing of HSS Tool

This chapter presents planning and details of the experimental investigations,
evaluation and characterization of the responses along with the results and their analyses
for the texturing of the HSS tool by p-PTAPD process with an objective to improve
performance of material removal process of titanium alloys. It presents the effect of p-
PTAPD process parameters on dilution of the spot textures as well as on diameter, depth,
and aspect ratio of dimple textures. It also compares the performance of textured HSS
tools with non-textured high speed steel (HSS) tool in terms of machining forces,
temperature and wear of the tool, chip formation, and surface roughness of titanium alloy
(i.e. Ti-6Al-4V) workpiece.

6.1 Planning and Details of Experimentation
The experimental investigations for dimple and spot texturing of single edge HSS

machining tool by u-PTAPD process were conducted in the following four stages using

the research methodology shown in Fig. 2.6:

e Stage-1: Pilot experiments were conducted to identify feasible values of the variable
parameters of u-PTAPD process (i.e. micro-plasma power and exposure time for the
dimple texturing and micro-plasma power, exposure time and mass flow rate of
powder of Stellite 6 for the spot texturing) producing single texture on shank of the
HSS machining tool in each experiment. The identified values for the main
experiments were: 246.4; 264; and 281.6 W for micro-plasma power and 15; 30; and
45 seconds for exposure time for use in dimple texturing, and 264; 286; and 316 W for
micro-plasma power; 6; 10; and 14 seconds for exposure time, 1.45; 1.76; and 2.10
g/min for powder mass flow rate for use in the spot texturing.

e Stage-2: Nine main experiments were conducted to identify those optimum values of
the considered variable parameters which will maximize aspect ratio (i.e. ratio of depth
to diameter) of the dimple textures and dilution of the spot textures by varying them at
the pilot experiments identified values to manufacture single texture on shank of the
HSS machining tool in each experiment. Full factorial experimental design was used
for dimple texturing and Taguchi’s Le orthogonal array was used for spot texturing.
The identified optimum values for further experiments were: 264 W for micro-plasma

power and 45 seconds for exposure time for use in the dimple texturing, and 316 W for
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micro-plasma power; 14 seconds for exposure time, and 1.76 g/min for powder mass
flow rate for use in the spot texturing.

Stage-3: Arrays of 12 spot and 12 dimple textures on the rake face of HSS machining
tool (as shown in Fig. 6.1) were produced using the identified optimum values of the
considered variable parameters. The spot-textures were ground to make their sizes
uniform.

Stage-4: Performance of the dimple-textured, spot-textured and non-textured HSS
machining tools was compared in terms of machining forces, temperature and flank
wear of the tool, chip formation, and surface roughness of the machined workpiece
while turning Ti-6Al-4V cylindrical bar under flooded type coolant system. Single
cutting edge HSS machining tools were made from 13 mm square bar by imparting 10°
as back rake angle; 4.4 side rake angle; 15° as end relief angle; zero degree as side
relief angle; 12° end cutting edge angle; 5° side cutting edge angle as per machine tool
reference (MTR) system nomenclature. Other parameters selected for turning of Ti-
6AIl-4V bar were: 45 and 105 m/min as cutting speed; 0.1 mm/revolution as feed rate;
and 1 mm as depth of cut (da Silva et al. 2013). Each turning experiment was repeated

four times each for dimple-textured, spot-textured and non-textured HSS tool.
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Fig. 6.1: Schematic of array of the (a) dimple textures and (b) spot textures on rake face of
the HSS cutting tool.

6.1.1 Dimple Texturing of HSS Tool

During pilot experiments of dimple texturing, it was observed that plasma gas flow rate

as 0.3 NI/min and stand-off-distance as 10 mm were sufficient to maintain continuous

micro-plasma arc and transfer the required heating power towards the substrate. Minimum

micro-plasma power of 246.4 W and exposure time as 15 s were required to melt the

surface of HSS machining tool and to create a visible dimple whereas micro-plasma power

more than 281.6 W and exposure time of 45 seconds resulted in excessive heating and
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melting. Therefore, 246.4; 264; and 281.6 W of micro-plasma power and 15; 30; and 45
seconds of exposure time were identified value to conduct 9 full factorial main
experiments (details given in Table 6.1) to study their effects on diameter, depth and
aspect ratio of the dimple textures. From the main experiments, micro-plasma power as
264 W and exposure time as 45 seconds were identified as optimum values to obtain
dimple texture having higher aspect ratio and approximately circular shape. They were
used for manufacturing an array of 12 dimples on the rake face of the HSS tool.
6.1.2 Spot Texturing of HSS Tool

During pilot experiments of spot texturing, it was observed that plasma gas flow rate as
0.3 NI/min and stand-off-distance as 10 mm were sufficient to maintain continuous micro-
plasma arc and transfer the required heating power towards the substrate. Minimum micro-
plasma power of 264 W; exposure time of 6 second; and powder mass flow rate of 1.45
g/min were required to melt powder of Stellite 6. Powder mass flow rate more than 2.10
g/min gave partially melted powder deposition whereas exposure time more than 14 s gave
excessive HAZ. Consequently, 264; 286; and 316 W for micro-plasma power; 6; 10; and
14 s for exposure time, 1.45; 1.76; and 2.10 g/min for powder mass flow rate were
identified values to conduct nine main experiments designed using Taguchi’s Lo
orthogonal array (details are given in Table 6.1) to study their effects on dilution of the
spot textures. From the main experiments, micro-plasma power as 316 W; exposure time
as 14 s; and powder flow rate as 1.76 g/min were identified as optimum values to achieve
approximately sphere-shaped spot textures having high dilution ratio and minimum
attachment of the unmolten particles. These values were used to manufacture an array of
12 spot textures on the rake face of the HSS tool.

Table 6.1: Experimental designs for dimple and spot texturing of HSS tool.

Exp. Dimple texturing (Full factorial) Spot texturing (Taguchi’s Lg orthogonal array)
NO. p-plasma power Exposure time  p-plasma Exposure  Powder mass flow
(W) (s) power (W) time (s) rate (g/min)

1. 2464 15 264 6 1.45
2. 246.4 30 264 10 1.76
3. 2464 45 264 14 2.10
4. 264 15 286 6 1.76
5. 264 30 286 10 2.10
6. 264 45 286 14 1.45
7. 2816 15 316 6 2.10
8. 2816 30 316 10 1.45
9. 2816 45 316 14 1.76
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6.2 Characterization and Measurements

Approximate diameter and depth of nine dimples were measured using surface
profilometer (MarSurf LD130, from Mahr, Germany). Nine samples of spot-textured HSS
tools were cut transversely and prepared using the standard metallographic procedure for
optical microscopy. Percentage dilution of a spot-textured sample was calculated using Eq.
4.1. Three samples of dimples and 3 samples of spots were characterized using FE-SEM.
Machining forces and temperature of the textured and non-textured HSS machining tools
during turning of Ti-6Al-4V were measured using 3-axis Kistler dynamometer (Fig. 6.2a)

and K type thermocouple (Fig. 6.2b) respectively.
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Fig. 6.2: Turning of Ti-6Al-4V by the textured HSS machining tool: (a) arrangement for

measurement of machining forces; and (b) schematic of arrangement for measurement of

temperature of the HSS tool.
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6.3 Results and Analyses

Following paragraphs describes the results obtained in each stage of experimental
investigations on texturing of HSS tool by p-PTAPD process and performance comparison
of textured and non-textured tool along with their interpretation and analysis.
6.3.1 Study and Analysis of Dimple Texturing

Figure 6.3 presents diameters, depths and aspect ratios of the dimples produced on HSS
tool by u-PTAPD process for nine combinations of micro-plasma power and exposure
time as mentioned in Table 6.1 during main experiment. It can be seen from this figure
that (i) the dimples produced by micro-plasma power at 281.6 W have shallow depths and
large diameters resulting lower aspect ratio whose value increases from 0.17 to 0.25 as
exposure time increases from 15 to 45 s; (ii) the dimples produced by micro-plasma power
at 246.4 W have very small depth. Maximum depth achieved is 0.19 mm for exposure
time of 45 s; (iii) the dimples produced using micro-plasma power of 264 W have higher
values of the aspect ratios than those produced using micro-plasma power of 281.6 W and
246.4 W; and (iv) for each value of micro-plasma power, exposure time of 45 s results in
highest aspect ratio. Therefore, SEM images of three dimples (presented in Figs.6.4a-6.4c)
manufactured using 45 seconds of exposure time for three different values of micro-

plasma power were obtained and analyzed.
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Experimental parameters

Fig. 6.3: Diameter, depth and aspect ratio of the dimple textures produced by pu-PTAPD
process for different combinations of parameters.
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It can be observed from the SEM image shown in Fig. 6.4a that the material from the
tool surface is melted and re-deposited which leads to porous and rough surface and
uneven size of the dimple. This is due to higher power of micro-plasma of 281.6 W which
melts larger area from surface of HSS tool and produces significant undulations due to re-
deposition of the molten material. This leads to higher surface roughness within the
dimple. It can be seen from SEM image depicted in Fig. 6.4b that 246.4 W of micro-
plasma power is not sufficient for considerable melting of material from surface of the
HSS tool. Whereas, SEM image of Fig. 6.4c shows use of micro-plasma power of 264 W
results in a dimple which nearly circular shaped with very less deposition of the molten
material around its circumference. This is due to fact that the material expelled out of a
dimple depends on micro-plasma power and pressure generated by it. It has also highest
aspect ratio as shown in Fig. 6.3. Consequently, an array of 12 dimples was made on rake
face of the HSS tool using micro-plasma power as 264 W and exposure time as 45

seconds. Its optical image and photograph are shown in Figs. 6.5a and 6.5b respectively.

m AN

LY - »
s 2 i 7o
el v LB
& R ¢
» o >

100 pm EHT = 500 kV Signal A = SE2 Date 4 Sep 2017
1 WD = 32mm Mag= 116X Time = 44:57:12

£

-

Mag= 116 X Time . 11:40:14

96



Fig. 6.4: SEM images of three dimples textures manufactured using 45 seconds of
exposure time and mlcro plasma power as (a) 281.6 W; (b) 246.4 W; and (c) 264 W.

(b)
Fig. 6.5: Array of the dimple textures produced by p-PTAPD process on the rake face of

the HSS tool using micro-plasma power as 264 W and exposure time as 45 seconds: (a)
optical image; and (b) photograph.

6.3.2 Study and Analysis of Spot Texturing

Figure 6.6 presents dilution of the spot textures produced by depositing powder of
Stellite 6 on the HSS tool by u-PTAPD process for nine combinations of micro-plasma
power, exposure time and powder mass flow rate as per Taguchi’s Ly orthogonal array
(details given in Table 6.1). It can be observed from this figure that (i) spots produced by
micro-plasma power of 264 W have small values of dilution ranging from 5.5 to 5.8% for
exposure time from 6 to 14 seconds. This is due to insufficient heat produced by this
micro-plasma power which melts smaller amount of HSS tool material. Smaller dilution
produces weaker bond between the spot texture and HSS tool substrate, (ii) use of 286 W

as micro-plasma power increases dilutions of the spot textures in the range from 9.5 to
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10.2% for exposure time ranging from 6 to 14 seconds, (iii) the spot textures produced
using micro-plasma power of 316 W have the highest values of the dilutions than those
produced using 286 W and 264 W, and (iv) for each value of micro-plasma power,
exposure time of 14 seconds results in highest value of dilution. Therefore, SEM images
of three spots (presented in Fig 6.7a-6.7c) manufactured using 14 seconds of exposure
time for three different combinations of micro-plasma power and powder mass flow rate
were obtained and analyzed. It can be observed from the SEM image shown in Fig. 6.7a
that 264 W of micro-plasma power is not sufficient enough for complete melting and
depositing spot of Stellite 6 powder fed at mass flow rate of 2.1 g/min. The SEM image of
Fig. 6.7b depicting the spot manufactured using 286 W micro-plasma power and 2.1 g/min
powder mass flow rate shows some unmolten particles in the spot and spatter around it.
The SEM image of the spot (Fig.6.7c) manufactured using 316 W micro-plasma power
and 1.7 g/min as Stellite powder mass flow rate shows that its shape is nearly spherical,
and it has sound deposition quality with very few unmolten particles. Therefore, an array
of 12 spot was made on rake face of the HSS tool using micro-plasma power as 316 W,
exposure time as 14 seconds; and powder mass flow rate as 1.7 g/min. The spots were
ground to make their sizes uniform. Its optical image and photograph are shown in Figs.

6.8a and 6.8b respectively.
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Fig. 6.6: Dilutions of the spot textures produced by p-PTAPD process for different

combinations of micro-plasma power, exposure time and powder mass flow rate.
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Fig. 6.7: SEM images of the spot textures manufactured using 14 seconds of exposure
time and micro-plasma power and powder mass flow rate as (a) 264 W and 2.10 g/min; (b)
286 W and 2.10 g/min; and (c) 316 W and 1.76 g/min.
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Fig. 6.8: Array of the spot textures produced by u-PTAPD process on the rake face of the
HSS tool: (a) optical image and; (b) photograph.

6.3.3 Performance Comparison of Textured and Non-Textured Tool

Following paragraphs describe results of the comparative study between the textured
HSS machining tools with the non-textured HSS tool in terms of machining forces, tool
temperature, tool wear, chip formation, and surface roughness of the machined workpiece
while cylindrical turning of Ti-6Al-4V alloy workpiece using these machining tools.
6.3.3.1 Cutting and thrust forces and coefficient of friction

Figure 6.9 presents variation of average cutting force (Fig. 6.9a) and thrust force (Fig.
6.9b) with cutting speed during cylindrical turning of Ti-6Al-4V alloy workpiece by the
spot-textured and dimple-textured HSS machining tools by pu-PTAPD process and the
non-textured HSS machining tool. It can be observed from these figures that (i) cutting
and thrust forces increase with cutting speed for the spot, dimple and non-textured HSS
tools; (ii) spot-textured HSS tool results in minimum values of cutting and thrust forces
while non-textured tool gives their maximum values at both the cutting speeds. Values for
the dimple-textured HSS tool are in between them; (iii) cutting force for the spot-textured
HSS tool was nearly 14.12 % and 13.73 % less than the non-textured HSS tool and 5.33 %
and 7.56 % less than dimple-textured HSS tool at 45 m/min and 105 m/min cutting speed
respectively; and (iv) thrust force for the spot-textured HSS tool was nearly 19.93 % and
20.74 % less than the non-textured HSS tool and 8.24 % and 12.32 % less than dimple-
textured HSS tool at 45 m/min and 105 m/min cutting speed respectively. These
observations can be explained with the help of schematic Fig. 6.10, it shows that flow of
chips over the spot-textured HSS tool which increases rake angle and reduces chip curl
radius. Increase in rake angle reduces the cutting force (Gunay et al., 2005) whereas
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reduction in the chip curl radius helps in chip breaking which aids in reduction of thrust
force (Yilmaz et al. 2018).
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Fig. 6.9: Variation of (a) Cutting force; and (b) thrust force, with the cutting speed during
cylindrical turning of Ti-6Al-4V alloy workpiece by the spot-textured, dimple-textured
and non-textured HSS machining tools.
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Fig. 6.10: Schematic of chip flow over the rake face of the spot-textured HSS machining
tool during cylindrical turning of Ti-6Al-4V alloy workpiece.
The coefficient of friction was calculated using Eq. 6.1 (Hao et al., 2018) and their

results are shown in the Fig. 6.11.
_ (F¢ + F. tana)
= F —F, tana)

(6.1)

Where, W is friction coefficient, Fc is cutting force; Ftis thrust force; and o is the rake
angle of the cutting tool. It can be observed from this that (i) coefficient of friction
increases with cutting speed for the spot, dimple and non-textured HSS tools; (ii) At both
the cutting speeds, the spot-textured HSS tool results in minimum values of the coefficient
of friction and non-textured HSS tool gives maximum values of the coefficient of friction;
and (iii) coefficient of friction for the spot-textured HSS tool was nearly 3.40 % and 4.23
% less than the non-textured HSS tool and 1.92 % and 3.07 % less than dimple-textured
HSS tool at 45 m/min and 105 m/min cutting speed respectively. These observations can
be explained by the fact that the spots on the rake face of HSS tools helps in enhancing
supply of the machining fluid to the tool-chip interface which reduces the friction tool-
chip interface. Flow of chips over the dimple-textures increases the gap between the rake
face of the tool and chip and enhances supply of machining fluid as compared to the non-

textured HSS tool which reduces the friction at the tool-chip interface.
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Fig. 6.11: Coefficient of friction at different cutting speed during turning of Ti-6Al-4V
using spot-textured, dimple-textured and non-textured HSS tool.

6.3.3.2 Temperature of the Tool

Figure 6.12 depicts temperature of the spot-textured, dimple-textured and non-textured
HSS machining tools during turning of Ti-6Al-4V alloy at different cutting speed. It can
be observed from this figure that (i) cutting tool temperature for the textured and non-
textured HSS tool increases with increase in the cutting speed; (ii) temperature of the spot-
textured HSS tool is minimum at both the cutting speeds, followed by that of dimple-
textured and non-textured HSS tool. Temperature of spot-textured HSS tool was 11.32%
and 12.92% less than the non-textured tool and 3.85% and 5.60% less than the dimple-
textured tool at 45 m/min and 105 m/min cutting speed respectively. This is due to early
separation of Ti-6Al-4V chips from rake face of the spot-textured tool which reduces the
contact length and friction at the tool-chip interface, and consequently reducing the
temperature of the spot-textured tool (Yilmaz et al. 2018). Additionally, spots act as fins
which enhances the heat loss to the machining environment by increasing the surface area
of rake face of the spot-textured tool thus helping in further reduction of its temperature
(Cengel, 2002).
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Fig. 6.12. Temperature of the spot-textured, dimple-textured and non-textured HSS
machining tools during cylindrical turning of Ti-6Al-4V alloy at different cutting speeds.
6.3.3.3 Flank Wear of the Tool

Figure 6.13 presents values of the average flank wear (VBg) of the spot-textured,
dimple-textured and non-textured cutting tools during turning of Ti-6Al-4V at different
cutting speed. It can be observed from this figure (i) average flank wear of the textured
and non-textured HSS tools increases with increase in the cutting speed; (ii) average flank
wear of the spot-textured HSS tool is minimum at both the cutting speeds, followed by
that of dimple-textured and non-textured HSS tool. Average flank wear of spot-textured
HSS tool is 9.2 % and 9.97% less than the non-textured HSS tool and 6.4 % and 7.18 %
less than the dimple-textured HSS tool at 45 m/min and 105 m/min cutting speed
respectively. These observations can be explained with help of the optical images of the
flank wear of the non-textured (Fig. 6.14a), dimple-textured (Fig. 6.14b) and the spot-
textured (Fig. 6.14c) HSS tools and the SEM images showing adhesion of the workpiece
material to them (Figs. 6.15a-c). These images reveal that the spot-textured HSS tool
exhibits least amount of flank wear (Fig. 6.14c) and adhesion of the least amount of
workpiece material to it (Fig. 6.15c) than the dimple-textured and non-textured HSS tools.
The adhered material is easier to tear off under the combination of higher temperature,

pressure and cutting speed which accelerates their flank wear (Sun et al., 2015). Higher
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temperature of the dimple and non-textured HSS cutting tools (Fig. 6.12) also reduces

their hardness causing further wear of their flank surfaces (Zheng et al. 2018).
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Fig. 6.13: Average flank wear at different cutting speed during turning of Ti-6Al-4V using

spot-textured, dimple-textured and non-textured HSS tool.

Fig. 6.14: Optical images showing flank wear of the HSS tool: (a) non-textured; (b)
dimple-textured; and (c) spot-textured.
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Fig. 6.15: SEM images depicting adhesion of the workpiece material to the HSS tool: (a)

non-textured; (b) dimple-textured; and (c) spot-textured.

6.3.3.4 Chip shapes

Figure 6.16 shows photographs of the chips formed by non-textured tool (Fig. 6.16al
and 6.16a2); dimple-textured tool (Fig. 6.16b1 and 6.16b2); and spot-textured tool (Fig.
6.16¢c1 and 6.16¢2) during turning of Ti-6Al-4V at cutting speeds of 105 and 45 m/min
respectively and compared with standard chip form (1SO 3685:1993). It can be observed
from these photographs that the (i) non-textured HSS tool produced long snarled ribbon
type unbroken chips at both the cutting speed of 105 m/min (Fig. 6.16al) and 45 m/min
(Fig. 6.16a2); (ii) dimple-textured HSS tool yielded snarled washer type helical chips at
the cutting speed of 105 m/min (Fig. 6.16b1) and short washer type helical broken chips at
45 m/min cutting speed (Fig. 6.16b2); and (iii) spot-textured HSS tool resulted in
formation of arc type broken chips at both the cutting speed of 105 m/min (Fig. 6.16c1)
and 45 m/min (Fig. 6.16¢2).

Arc type broken chips and short washer type helical chips help in reducing the heat
transferred to the textured HSS tools and thus increasing their life. But, continuously
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snarled ribbon-like and snarled washer type helical chips are undesirable because they
obstruct supply of machining fluid to the machining zone, further continuation of the
machining process, and clear viewing of the machining zone. They also increase tool-chip
contact length leading to transfer of more amount of heat to the cutting tool thus adversely
affecting its life and surface roughness of the machined surface. Moreover, such types of

chips necessitate intermittent stopping of the machining process for their removal and to

avoid their entanglement.

(a2)

Fig. 6.16: Photographs of the chips formed during turning of Ti-6Al-4V at the cutting
speed of 105 m/min (al, b1, and c1) and 45 m/min (a2, b2, and c2) using (al and a2) non-

textured HSS tool; (b1 and b2) dimple-textured HSS tool; and (c1 and c2) spot-textured

HSS tool.
6.3.3.5 Surface Roughness of the Machined Workpiece

Figure 6.17 presents average surface roughness of the turned Ti-6Al-4V workpiece
using dimple-textured, spot-textured and non-textured HSS tools at different cutting
speeds. It can be observed from this figure that (i) spot-textured and non-textured HSS
tools respectively yielded minimum and maximum values of average surface roughness
‘Ra’ of the turned Ti-6Al-4V workpiece at both the cutting speeds; (ii) Ra value decreases
considerably and slightly with increase in cutting speed for the spot-textured and dimple-
textured tools respectively. But, there is no significant change in Ra value for the non-
textured tool in fact error bar shows that in some cases it may increase with cutting speed.
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These observations can be explained with help of the fact that spot texturing increases the
gap between the chip and rake face of the HSS tool which enhances supply of the
machining fluid. This increases heat dissipation from the cutting tool reducing its wear.
This leads to lesser temperature rise (Fig. 14) and flank wear (Fig. 15) of the spot-textured

tool which results in the better surface finish (Zheng et al. 2018).

1.3 - B
1.2 1 k
Bl Spot-textured tool i
114 | @ Dimple-textured tool
A Non-textured tool

.
"
0.8—. @

0.7

}':

Average roughness Ra (um)

I
45 105
Cutting speed (m/min)

Fig. 6.17: Average surface roughness of the turned Ti-6Al-4V alloy workpiece using the
dimple-textured, spot-textured and non-textured HSS machining tools.

6.4 Concluding Remarks
Following concluding remarks can be made from the investigations on texturing of the

HSS tool by p-PTAPD process and comparative study of the textured and non-textured

HSS machining tools during cylindrical turning of the Ti-6Al-4V alloy workpiece by

them:

e Use of spot-textured HSS machining tool in cylindrical turning of Ti-6Al-4V alloy
workpiece resulted in least values of cutting force, thrust force, tool temperature, flank
wear and average surface roughness value of the turned workpiece than the dimple-
textured and non-textured HSS machining tools at different cutting speed. Performance
of the dimple-textured HSS tool was better than the non-textured tool in these aspects.

e At higher cutting speed (i.e. 105 m/min), only spot-textured HSS tool resulted in
formation of segmented chips during turning of Ti-6Al-4V whereas dimple-textured
and non-textured HSS tools gave long continuously curling ribbon-like chips. But, at

lower cutting speed (i.e. 45 m/min), both the spot-textured and dimple-textured HSS
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tools resulted in formation of segmented chips whereas non-textured tool formed long
continuously curling ribbon-like chips. Spot-textured HSS tool also showed adhesion
of least amount of workpiece material to the tool than the dimple-textured and non-
textured tools.

e By virtue of their shapes, spots act as fins which enhance convective heat transfer to
the machining fluid or the surroundings. It helps in improving life of the HSS tools
during machining of Ti-6Al-4V.

e This study proves that spot texturing of rake face of HSS machining tools by p-
PTAPD process is an economical, effective and environment friendly method to

improve machining of titanium alloys.

The next chapter presents development of the generic mathematical model to predict
dilution of single-layer single-track deposition by pu-PTAPD process and its experimental

validation.
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Chapter 7
Modeling of Dilution

Characteristics of single-layer single-track deposition by u-PTAPD process depend
on micro-plasma power, travel speed of the deposition head, powder mass flow rate, and
thermal properties of the deposition and substrate materials. Dilution of single-layer
single-track deposition can be predicted using fundamental principles of energy balance
equation. This requirement can be met by developing a mathematical model in terms of
process efficiency, parameters of pU-PTAPD process and material properties of the
substrate and deposition materials. Such model should be generic in the sense that its
applicability should be independent of combination of the deposition and substrate
materials. This chapter describes the development of a generic mathematical model to
predict dilution of single-layer single-track deposition by pu-PTAPD process along with its
experimental validation.

7.1 Process Efficiency

Understanding and use of different efficiencies relevant to an additive manufacturing
process such as energy transfer efficiency, melting efficiency and deposition efficiency are
required to develop a generic model between dilution of the deposition and u-PTAPD
process parameters. Following paragraphs describe details of these efficiencies.

7.1.1 Energy Transfer Efficiency
The energy transfer efficiency ‘na’ represents fraction of the input energy transferred
to the substrate material. It is ratio of energy transferred to the substrate to energy supplied
to heat source.
_ Energy transferred to the substrate

= 7.1
N Energy supplied to the heat source (7.1)

7.1.2 Melting Efficiency

The melting efficiency ‘.’ represents the fraction of the absorbed energy which is
actually utilized for the melting. The melting efficiency depends on the AM process
parameters and the material properties. It is defined as the ratio between the energy used
for melting the deposition and the substrate materials and the energy transferred to the
substrate material.

Energy used for melting the deposition and the substrate materials

(7.2)

m Energy transferred to the substrate

111



The melting efficiency can also be calculated by the following equation which is given
by Okada (1977).

_( agAHsps)

(7.3)

Where, as is thermal diffusivity of the substrate material (m?/s); AHs is change in
enthalpy of the substrate material (J/kg); ps is density of the substrate material (kg/m?); P
IS micro-plasma power (W); T is the relative speed between the worktable and the
deposition head (m/s); and #a is the energy transfer efficiency (%).

7.1.3 Deposition Efficiency

Deposition efficiency 74’ is measure of deposition material utilization. It is the ratio
between amount of the material deposited on the substrate and the amount of deposition
material delivered to the melt pool. It can be calculated using following equation:

W, — W,
ng = We—wy) 100 (7.4)

W

Where, W; is combined weight of the deposition and the substrate material (g); Ws is
weight of the substrate material (g), W, is weight of deposition material delivered to the
melt pool (g).

Table 7.1 presents the calculated deposition efficiency of p-PTAPD process for Ti-
6Al-4V deposition on substrate of the same material and Stellite 6 deposition on AlSI
4130. It shows that deposition efficiency varies in the range from 76.4 to 89.3 %.

Table 7.1: Calculated deposition efficiency for deposition of Ti-6Al-4V powder on
substrate of the same material and deposition of powder of Stellite 6 powder on AISI 4130

substrate by u-PTAPD process along with corresponding process parameters.

Micro-plasma Powder mass flow  Travel speed of deposition Average value of the
power ‘P’ (W) rate of ” (g/min) head ‘7’ (mm/min) deposition efficiency (%)
For deposition of Ti-6Al-4V powder on the same material substrate
418 2.1 52 89.1
418 2.1 62 79.5
429 15 57 85.2
440 15 52 89.3
440 2.7 62 79.3
For deposition of Stellite powder on AISI 4130 substrate
407 35 125 76.4
418 1.7 80 81.2
429 2.9 100 84.3
429 1.7 80 87.2
429 3.5 125 79.8
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7.2 Assumptions
Following assumption were made in developing model of dilution for single-layer

single-track deposition by u-PTAPD process:

e Thermal properties of the deposition and substrate materials are temperature
independent.

e Micro-plasma arc is perpendicular to the substrate material and stand-off-distance
between deposition head and substrate is constant.

e Radiative and convective heat losses from the substrate material to the surroundings
are neglected.

e Energy transfer efficiency ‘xa’ of the micro-plasma arc has been considered as 55 %
(Nikam et al. 2016).

e Substrate is a semi-infinite block at the ambient temperature.

e Shape of melt pool is constant throughout the deposition process.

e Deposition efficiency ‘xq’ is considered as 83 % (taken as average of the deposition
efficiencies mentioned in the Table 7.1).

7.3 Development of Model for Dilution
Dilution is ratio of the diluted area ‘A’ to the sum of the diluted area ‘A’ and deposited

area ‘B’ and is expressed as percentage (as shown in Eqg. 7.5). It quantifies the relative

amount of the substrate material mixed with the deposited material.

Dilution = x 100 (7.5)

~(A+B)

Using the fundamental principle of energy balance to equate the total energy available
for melting with the energy required to melt the deposition and substrate materials. The

energy balance equation is given by

NamPt = (ngVapaAHy) + (VopsAH) (7.6)

Where, AHg is change in enthalpy of the deposition material (J/kg); pd is density of the
deposition material (kg/m®); Vq is volume of the deposited material (m®); AH; is change in
enthalpy of the substrate material (J/kg); ps is density of the substrate material (kg/m®); Vs
volume of the diluted substrate material (m®); P is micro-plasma power (W); t is the
deposition time (second); #a is the energy transfer efficiency (%); #m is the melting

efficiency; and #4q is the deposition efficiency (%).
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Rearranging the Eq. 7.6 to get relationship for volume of diluted substrate Vs’ (m®)

yields the following equation

Vo= (MamPt) — MaVapalHy)
° psAH;

(7.7)

Volume of deposited material ‘Vg’ for the powdered form can be calculated using the

following relation

— ndfvl
T

Where, f, is volumetric feed rate of the deposition material (m%/s); 1 is length of the

V, (7.8)

deposition (m); T is the relative speed between the worktable and the deposition head

(m/s); and #nq is the deposition efficiency (%). Dilution of single-layer single-track

deposition can be expressed on volumetric basis by multiplying area of diluted substrate

material and area of the deposited material by length of single-layer single-track
deposition i.e. Eq. 7.5 can be rewritten as

D= L

(Vs +naVa)

1% -1
"“i/d) x100  (7.10)

N

x 100 (7.9)

D=(1+

Substituting Eq. 7.7 in the Eq. 7.10 yields following expression for dilution as a

function of u-PTAPD process parameters and the material properties
-1

VapsAH
Na7aPs2 s ) x 100 (7.11)

(MamPt) — MaVapadHa)
7.4 Experimental Validation

D=<1+

The developed mathematical model for dilution of single-layer single-track deposition
(Eq. 7.11) was experimentally validated depositing Ti-6Al-4V powder on substrate of the
same material and depositing Stellite powder on AISI 4130 steel substrate by u-PTAPD
process.

7.4.1 For Deposition of Ti-6Al-4V Powder on Ti-6Al-4V Substrate

Five experiments were conducted to validate the model predicted values of dilution of
single-layer single-track deposition of Ti-6Al-4V powder deposition on substrate of the
same material (having material properties as: 1910 K as melting temperature; 4430 kg/m?®
as density; 526.3 J/kgK as specific heat; and 6.7 W/mK as thermal conductivity) by p-
PTAPD process. Table 7.2 presents the model predicted and experimentally measured

values of dilution for five experiments whereas Figure 7.1 depicts their comparison
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graphically. It can be seen from this figure that error between the model predicted and

experimental values of dilution (as shown in Fig. 7.1) in a range from -16 to 6.41 %.
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Fig. 7.1: Comparison of predicted and experimental values of dilution for single-layer

single-track deposition of Ti-6Al-4V powder on substrate of the same material by p-

PTAPD process.

Table 7.2: Predicted and experimental values of dilution of single-layer single-track

deposition of Ti-6Al-4V powder on substrate of the same material and deposition of

Stellite powder on AISI 4130 steel substrate by

corresponding combination of input parameters.

U-PTAPD process along with

Exp. Variable input parameters Dilution of
No. deposition
Micro-plasma Powder mass  Travel speed of Model Experimental
power ‘P’ flow rate of ‘f” deposition head predicted value of
(W) (9/min) ‘T” (mm/min)  dilution dilution
For deposition of Ti-6Al-4V powder on the same material substrate
1. 418 2.1 52 9.31 10.8
2. 418 2.1 62 11.98 12.82
3. 429 15 57 36.78 35.52
4. 440 15 52 38.95 36.45
5. 440 2.7 62 11.49 12.9
For deposition of Stellite powder on AISI 4130 steel substrate
6. 407 3.5 125 6.5 6.3
7. 418 1.7 80 12.58 14.7
8. 429 2.9 100 12.55 12.3
9. 429 1.7 80 19.4 18.2
10. 429 3.5 125 17.62 15.1
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7.4.2 For Deposition of Stellite Powder on AISI 4130 Steel Substrate

Five experiments were conducted to validate the model predicted values of dilution of
single-layer single-track deposition of Stellite powder on AISI 4130 steel substrate by p-
PTAPD process. Following properties were used in this experimental validation: (i) For
Stellite 6: 1667 K as melting temperature; 8690 kg/m? as density; and 456 J/kgK as
specific heat; (ii) for AISI 4130 steel: 1672 K as melting temperature; 7830 kg/m® as
density; 479 as J/kgK specific heat; 40.1 W/mK as thermal conductivity. Table 7.2
presents the predicted and experimentally measured values of dilution whereas Figure 7.2
depicts their comparison graphically. It can be seen from this figure that error between the
predicted and experimental dilution (as shown in Fig. 7.2) in a range from -16.85 to
14.30%.
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Fig. 7.2: Comparison of predicted and experimental values of dilution for single-layer
single-track deposition of Stellite 6 on AISI 4130 by u-PTAPD process.
7.5 Concluding Remarks

e The developed model has wide applicability because it is based on the material
properties of the substrate and the deposition materials and p-PTAPD process
parameters. Therefore, it can be used for predicting dilution of single-layer single-track
deposition by pu-PTAPD process for any combination of substrate and deposition
materials.
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e The error between the predicted and experimental dilution for Ti-6Al-4V deposition on
the same substrate and Stellite 6 deposition on AISI 4130 is in range from -16 to 6.41
% and -16.85 to 14.30 % respectively.

e Disagreement between the model predicted and experimental results may be due to the
assumptions made such as neglecting convective and radiative heat losses and

neglecting dependence of the material properties on temperature.
The last chapter summarizes the significant achievements and conclusions from the

research work reported in this thesis along with the identified directions for the future

research work.
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Chapter 8

Conclusions and Scope for Future Work

This chapter summarizes the significant achievements and conclusions from the
research work reported in this PhD thesis along with the identified directions for the future
research work.

8.1 Significant Achievements
The aim of the present research was to establish u-PTAPD process as a cost effective

and energy efficient alternative to existing additive manufacturing processes. Following

are the significant achievements of the present research work:

e Successful development of the experimental apparatus for u-PTAPD process having
microcontroller programmable movement of the micro-plasma deposition head along
X, Y and Z axes for various AM applications of the metallic materials.

e Development of the feeding system to ensure an uninterrupted supply of the deposition
material in powdered form having capability to handle the powder particle size in the
range from 20 to 200 pm.

e Development of the deposition head consisting of the micro-plasma torch surrounded
by four identical nozzles placed in an inclined manner circumferentially at equal
angular interval enabling supply of the powdered deposition material at feed angle of
46° to the centre of melt pool for the stand-off-distance from 8 to 10 mm. Value of the
feed angle was chosen in such a way that ensures maximum powder deposition
efficiency.

e Development of an interface with Arduino based microcontroller to control movement
of the deposition head along X, Y and Z axes.

8.2 Conclusions
The work presented in this thesis illustrates the potential of u-PTAPD process for

Stellite coating, additive manufacturing of typical components from titanium alloy and

texturing of HSS machining tool. Following conclusions can be made from these

investigations:

8.2.1 For Stellite Coating

e For single-track deposition of Stellite (i) deposition height decreases with increase in
micro-plasma power and worktable travel speed while increases with powder mass

flow rate; (ii) deposition width decreases with increase in worktable travel speed,
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increases with powder mass flow rate and not affected by micro-plasma power; (iii)
dilution increases with micro-plasma power and decreases with increase in worktable
travel speed and powder mass flow rate.

Deposition height of multi-track increases with overlapping but its dilution decreases
with it. Overlapping value of 30% was found as optimum for multi-track deposition of
Stellite.

Phase analysis of Stellite coating revealed that primary phase consists of cobalt matrix
consisting of e-Co and a-Co having HCP and FCC crystal structure respectively mixed
with chromium-rich carbides (Cr3Cs, Ci7Cs3), and tungsten containing complex
carbides (W-C).

Travel speed of worktable found to be the most important parameter affecting the
characteristics of Stellite coating.

Stellite coating using higher value of travel speed of worktable had smaller SDAS
value, lower iron content and higher microhardness due to higher cooling rate and
consequently formation of finer carbides.

Stellite coating using lower travel speed of worktable yielded larger SDAS value,
higher iron content and lower microhardness due to lower cooling rate and
consequently formation of coarser carbides.

Stellite coating manufactured by u-PTAPD and laser-based deposition processes had
smaller HAZ, absence of defects and finer dendritic structure with smaller SDAS value
than the coating manufactured by PTA deposition.

M-PTAPD and laser-based deposition processes are capable of manufacturing thin
coatings of less than 1 mm with lower dilution. It is suitable for wear and corrosion
resistant applications where strong bond of thin coating with the substrate material is
required.

Stellite coating manufactured by p-PTAPD process had almost similar value of
average microhardness (553 HV) that manufactured by laser-based deposition (551
HV) and much higher than the coating manufactured by PTAD process (501 HV).
Stellite coating by u-PTAPD and laser-based deposition result in a relatively stable
coefficient of friction with considerably minor variations and wear of Stellite coating
by very shallow grooves while PTAD shows irregular fluctuations with higher

coefficient of friction and wear of coating material by extensive ploughing.
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Stellite coating by p-PTAPD and laser-based deposition processes exhibited lower
wear volume than PTA deposition.

This proves that u-PTAPD process has the capability to selectively deposit a thin and
sound quality coating of Stellite on metallic substrates. It provides advantages of the
laser-based deposition for Stellite coating at much lower cost and higher energy and
material efficiency. This establishing u-PTAPD process capable of providing better

techno-economic solution than the existing processes for Stellite coating.

8.2.2 For Additive Manufacturing of Component from Titanium Alloy

Single-layer single-track deposition of Ti-6Al-4V by p-PTAPD process has deposition
height and width in the range of 1.52 to 2.3 mm and 2.68 to 3.3 mm respectively.
Higher mass flow rate of powder and travel speed of deposition head result in smaller
values of energy consumption per unit traverse length and power consumption per unit
mass flow rate of powder and vice-versa.

Multi-layer single-track depositions of Ti-6Al-4V in both continuous and dwell-time
modes have smaller lamellae widths in the top region than that in the bottom region.
Lamellae widths of the dwell-time deposition are smaller than that of continuous
deposition. Faster cooling rate in dwell-time deposition decreases lamellae width and
results in the finer microstructure. Ductility increases with increase in lamellae width
but ultimate and yield strength decreases.

Multi-layer single-track deposition of Ti-6Al-4V in continuous mode has cracks, weak
bonding and coarser lamellar microstructure. Fracture of its tensile specimen showed
occurrence of tear ridges or elongated regions. Its wear takes place by formation of
deep grooves by repetitive ploughing and eventually breaking of grooves’ edges.
Multi-layer single-track deposition of Ti-6Al-4V in dwell-time mode yielded higher
deposition efficiency and lower deposition waviness than continuous deposition i.e.
continuous deposition will require more finishing which increases cost and wastage of
the deposition material. It had good deposition quality with fine partial martensite and
basket-weave microstructure. It possessed higher yield and ultimate strength. Fractured
surface of its tensile specimen exhibited fine dimple rupture.

Multi-layer single-track deposition of Ti-6Al-4V in dwell-time mode has higher
microhardness, lower wear volume, coefficient of friction than the deposition in
continuous mode. Its wear takes place by micro-ploughing which forms very shallow

grooves and micro-cutting resulting in very less wear debris. This is important because
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titanium alloys are widely used in biomedical applications such as knee implants, hip
joints, surgical devices, bone screws, bone plates, dental implants and industrial
applications of compressor blades, fan blades, hubs and discs where wear resistance is
extremely important requirement.

Comparative evaluation confirms that multi-layer single-track deposition of Ti-6Al-4V
by u-PTAPD process in dwell-time mode has higher efficiency in power consumption
and cost-effective than laser-based deposition processes and yields higher
microhardness which will result in smaller wear volume.

It demonstrates that p-PTAPD process has capability to additively manufacture
complex part geometry of different metallic materials including titanium alloys. It can

be used for similar as well as dissimilar deposition and substrate materials.

8.2.3 Texturing of HSS Machining Tool

Micro-plasma power as 264 W and exposure time as 45 seconds were identified as
optimum values to obtain dimple-texture with high aspect ratio and approximately
circular shape. They were used for producing an array of dimple texture on the rake
face of the HSS tool.

Micro-plasma power as 316 W; exposure time as 14 seconds; and powder mass flow
rate as 1.76 g/minute were identified as optimum values to achieve approximately
sphere-shaped spot-textures having high dilution ratio and minimum unmolten
particles attached. These values were used to produce an array of spot-textures on the
rake face of the HSS tool.

Use of spot-textured HSS machining tool in cylindrical turning of Ti-6Al-4V alloy
workpiece resulted in least values of cutting force, thrust force, tool temperature, flank
wear and average surface roughness value of the turned workpiece than the dimple-
textured and non-textured HSS machining tools at different cutting speed. Performance
of the dimple-textured HSS tool was better than the non-textured tool in these aspects.
At higher cutting speed (i.e. 105 m/min), only spot-textured HSS tool resulted in
formation of segmented chips during turning of Ti-6Al-4V whereas dimple-textured
and non-textured HSS tools gave long continuously curling ribbon-like chips. But, at
lower cutting speed (i.e. 45 m/min), both the spot-textured and dimple-textured HSS
tools resulted in formation of segmented chips whereas non-textured tool formed long

continuously curling ribbon-like chips. Spot-textured HSS tool also showed adhesion
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of least amount of workpiece material to the tool than the dimple-textured and non-
textured tools.

By virtue of their shapes, spots act as fins which enhance convective heat transfer to
the machining fluid or the surroundings. It helps in improving life of the HSS tools
during machining of Ti-6Al-4V.

This study proves that spot texturing of rake face of HSS machining tools by p-
PTAPD process is an economical, effective and environment friendly method to

improve machining of titanium alloys.

8.2.4 Modelling of Dilution

The developed model has wide applicability because it is based on the material
properties of the substrate and the deposition materials and p-PTAPD process
parameters. Therefore, it can be used for predicting dilution of single-layer single-track
deposition by u-PTAPD process for any combination of substrate and deposition
materials.

The error between the predicted and experimental dilution for Ti-6Al-4V deposition on
the same substrate and Stellite 6 deposition on AISI 4130 is in range from -16 to 6.41
% and -16.85 to 14.30 % respectively.

Disagreement between the model predicted and experimental results may be due to the
assumptions made such as neglecting convective and radiative heat losses and
neglecting dependence of the material properties on temperature.

8.3 Scope for the Future Work

Since the present work was the first attempt to establish pu-PTAPD process as an

alternative to the existing AM processes for different metallic materials therefore, there is

plenty scope for future research in this area as mentioned below:

The present study was conducted using 3 axes automated manipulator system. It can
be extended to use 5 axes automated manipulators such as CNC machine or robotics to
manufacture complex parts.

The present study was limited for the Stellite coating and the additive manufacturing
of titanium alloy. However, additive manufacturing of some other very useful
materials such as functionally graded material (FGM), shape memory materials
(SMM), metal matrix composites (MMC), and nano-composites by p-PTAPD process
can be investigated which extend the applications of u-PTAPD process in areas of

nuclear, space, biomedical engineering and related areas.
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e Use of adaptive control and following automation strategies in u-PTAPD process can
be explored to enhance its capabilities and to more robustly challenge the energy beam
based AM processes:

» Use of computer-aided manufacturing (CAM) system for the simulation

» On-line monitoring and control to improve the deposition quality

> Industry 4.0 for the current trend of automation and data exchanges by cyber-
physical system.

e The process can be integrated with some finishing processes to reduce total

manufacturing time.
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Appendix A

Details of the Instruments Used for the Evaluation of Deposition Geometry and its

Characterization

e Leica Stereo Microscope (11T Indore)

Make Leica Microsystems, Germany
Model EZ4HD

Full frame image acquisition 2048 x 1536 pixels, 3.1 megapixels
Pixel size 3.2 um x 3.2 um
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Scanning Electron Microscope (11T Indore)

-\

o =
7 o
LN
g
+4
3 0.
o =
(T
Make Carl Zeiss NTS GmbH, Germany
Model SUPRA 55
Resolution 1.0nm @ 15 kV
1.7nm @ 1 kV
40nm @ 0.1 kV
Acceleration Voltage 0.1-30kV

Magnification

Stages

12x — 900,000 x

5-Axes Motorized Eucentric Specimen
Stage X =130 mm, Y =130 mm and Z
=50 mm, T =-3°to + 70°, R = 360°
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e Microhardness Testing Machine (11T Indore)

Make Walter UHL Technische Mikroskopie
GmbH, Germany.

Model VMHO002 V

Load Range 1 grams — 2000 grams

Type of intender Diamond square base hexagonal
Pyramid
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e Tensile Testing Machine (11T Indore)

inius Olsen

r

Make

Model

Load Range

Clearance Between Columns

Testing Speed Range

Tinius Olsen USA

H50KL

1-50 kN

405 mm

0.001 to 500 mm/min
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e Pin-on-disk Type Wear Test Machine (11T Indore)

Make Ducom, USA
Model Ducom-TR20LE
Load Range 1-60 N
Rotational Speed 1-500 rpm

Frictional Force Measurement 0-20 N
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e Linear Reciprocating Type Wear Testing Machine (11T Indore)

Make Ducom, USA
Model Ducom- CM9104
Load Range 1-200 N
Frequency 1-40 Hz

Stroke Range 1-30 mm
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Surface Profilometer (11T Indore)

Make

Model

Resolution
Positioning speed

Traversing lengths

Mahr GmbH, Germany
MarSurf LD 130

0.8 nm

0.02 mm/s to 200 mm/s

0.1 mm - 130 mm
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