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ABSTRACT

In today’s industrialization era, the innovation in the field of hard and brittle material such as
float glass is still under investigation, because of its continuous demand as an operational
application. It’s fascinating features such as high thermal stability, strength, toughness, and high
optical transmittance makes it a high-performance material. The major application of such
materials is listed as optical lenses, automotive glass, thermal collector, solar concentrator,
sensors, and solar panel etc. These materials are known as difficult to machine material, because
of their brittleness. Analysis of a float glass during machining or drilling process is considered as
a brainstorming research area. The drilled hole quality is characterized by the amount of chipping
generated near hole edge corners on both sides of the hole as well as the surface roughness of the
hole. Hence, the research endeavor of the present work is to pay attention and introduces their
strategies to minimize the unwanted chipping near the entrance and exit periphery of the hole by
deploying trending rotary ultrasonic machining technique. In the entire study, the hole entrance
chipping is measured as average radial chip distance (RCD), hole exit chipping is quantified as
the maximum chip radial distance (CRD) and the maximum chip thickness (t¢) in horizontal and
vertical direction, respectively.

In the first case study, multi-shaped tools are used to create blind holes by rotary ultrasonic
machining and conventional drilling. The intention is to select the best tool among all to get the
negligible RCD along with least tool wear. It is noticed that according to the tool shapes, each
tool has paying should be own path of drilling and effective contact area which influences the
chip formation and the quality of the hole. The multi tool study for blind holes shows that rotary
ultrasonic drilling process attained smallest measurement of radial chip distance as compare to
CD for all types of tools. The concave circular tool is found as the best tool particularly to get the
least radial chip distance (entrance chipping) during drilling i.e. 0.1145 mm.

In the second study, L 18 optimization technique is deployed to visualize the influence of various
process parameters i.e. spindle rotation speed, feed rate and vibration amplitude during drilling
of float glass specimen by rotary ultrasonic machining technique. After optimizing the process
parameters, the least radial chip distance (RCD) is 0.425 mm at hole entrance, chip radial
distance (CRD) is 0.70 mm at hole exit, chip thickness (t;) is 0.55 mm at hole exit and hole
internal surface roughness is 1.09 pm.

In the third case study, the comparison between the edge chipping (RCD) size; before and after



tempering process has been investigated at optimized parametric condition during conventional
drilling and rotary ultrasonic drilling. It is investigated that after tempering process, the chipping
(RCD) size near machined corners of the float glass specimen has been propagate. It is revealed
that during the float glass tempering process, the combined effect of elevated temperature and
high pressure creates some breakage (such as chipping) due to change in physical characteristics
of the float glass material. Hence, the chipping amount should be as little as possible on pre-
tempered float glass. It is noticed that RCD size is smaller in case of rotary ultrasonic drilling
process as compared to conventional drilling process i.e. 36.92 %.

The mechanism behind the formation of chipping during float glass drilling by rotary ultrasonic
machining and conventional drilling is also reported. It is revealed that during conventional
drilling, abrasives loaded over the tool periphery are in continuous contact with the surface of the
specimen to be drilled. It is one of the major reasons of chipping on the workpiece. During rotary
ultrasonic drilling, the abrasive impregnated over the tool end face is travelled in definite
sinusoidal paths along the axis of the workpiece with some specific tool revolution.

In the present study, a FE analysis is developed to investigate the effect of stress generation on
hole exit during rotary ultrasonic glass drilling and conventional drilling of float glass.

The results showed that the present strategies would be appropriate and capable to overcome the
challenges like severe chipping, poor surface finish, excessive tool wear and inappropriate
machining parameter selection during float glass drilling. Therefore, rotary ultrasonic machining
technique is suggested to get the better hole quality and tend to reduce heavy monetary loss

expenditure in the form of machining cost and rejection cost.
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CHAPTER 1: INTRODUCTION

1.1 Overview of Hard and Brittle Materials

The innovation in the field of hard and brittle materials such as ceramic, glass and ceramic
composites, etc. are still under investigation, because of its distinctive features. These brittle
materials have found wide applications because of their exceptional wear resistance, chemical,
and thermal characteristics. The major application of such materials is listed as optical lenses,
automotive glass, medical implants, sensors, pacemakers, and solar panels, etc. These materials
are known as difficult to machine material, because of its high hardness and brittleness.
Therefore, materials like ceramic and glass are still facing machining and fabrication related
issues, where, researchers are focusing on such critical and vogue area, which is directly
associated with the practical application of the hard and brittle materials. Instantly, researchers
are working on the critical area, exemplify as profile accuracy, high precision machining, high
tolerance, surface quality, chipping and cracking, etc. Recently, the machining quality of glass is
characterized by the amount of chipping and cracking generated during the machining or drilling
process. Hence, it is entail to resolve difficult to machine materials up to zenith level to boost its
operational application. The types of brittle materials whose parent material is ceramic are
illustrated in the following flow chart (Fig. 1.1).

Brittle materials

v Y v
Ceramic Ceramics matrix composites Glass
v v v
o Refractories (Alumina, e Special silicon e Soda-lime Glass
Zirconia, Magnesia) carbide (SiC) e Glass fiber
e Abrasives (Silicon e Alumina (Al,Os. e Quartz Glass
Carbide, Boron Al,0O4 e Zerodur
carbide, Aluminum e Mullite fibers e Optical Glass
oxide) (AlL,O3-Si0,) e Float Glass

Fig. 1.1: Flow chart illustrates the types of brittle materials (ceramic based)
1



1.1.1 Ceramics

Industries based on automobiles, electronics, aerospace, and semiconductor are focusing on
ceramics and its related application. Ceramic has some advanced mechanical properties i.e. high
wear resistance, better hardness, high temperature constancy, and high strength. Although, these
properties make the ceramic material a difficult-to-machine and therefore an innovative cost-
effective method is needed (Liu et al. (2014)).

Alumina ceramic (AlyOs) is known as a challenging material to machine and utilize (Ahmed et
al. (2012)). The chemical composition of alumina ceramic contains more than 90% of Al,O3; with
some fraction of silicon oxide (SiO;), magnesium oxide (MgO), sodium oxide (Na,O) and
calcium oxide (CaO) compound. It has some exceptional mechanical, thermal, and electrical
properties. Alumina has characteristics as elastic modulus (375 GPa), poison ratio (0.25), density
(3. 85 g/lcm®), tensile strength (275 MPa), compressive strength (2600 MPa) and vicker hardness
(1440 Kg/mm?). Generally, alumina ceramic is used in seal rings, electronic substrates, wear
pads, grinding media, thread, and wire guides (Singh and Singhal (2017)).

Zirconia (ZrO,) ceramic has admirable strength at room temperature, chemical, corrosion, and
wear resistance property, which makes it a better option as a technical ceramic. It has possessed
high density, superior fracture toughness, and high hardness with good frictional behavior (Nath
et al. (2012)). The property of the zirconia (ZrO2) is explained as density (5.5 g/cm®), Poisson
ratio (0.31), Knoop hardness (1100 Kg/mm2) and elastic modulus (200 MPa). Zirconia has a
wide application as insulating rings, dental frameworks, valves, and metrological components
(Manicone et al. (2007)).

Silicon carbide material possessed high mechanical strength up to 1,400%. It has higher chemical
and corrosion resistance characteristics than other ceramics. Applications of silicon carbide
material are bushing, nozzle and sealing rings, etc (Yamada and Mohri (1991)). The major
properties which defined its utility are density (3.1 g/lcm®), Poisson ratio (0.14), elastic modulus
(410 MPa) and Knoop hardness value is 2800 Kg/mm? (Nath et al. (2012)).

1.1.2 Ceramic composites

Ceramic composites are an attractive choice for many industries based applications owing to
their advanced properties such as high strength at elevated temperature as well as high wear

resistance characteristics. However, extensive utilization of advanced ceramics is limited because
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of the high machining cost. Therefore, it is an essential requirement of a cost-effective machining
technique that could machine advanced ceramic materials. Mullite fibers (Al,O3-SiO;) material
is having some influencing features such as lower tensile strength and low thermal diffusivity
(Rebro et al. (2004)). It has also acquiring fine chemical stability that fascinates to use it in some
electronic and optical device applications. Mullite has density of 2.948*10° g/cm®, micro-
hardness (10 GPa), and flexural strength (500 MPa) (C. Paulmann (1996)).

The basic enhancement for ceramic matrix composites CMC as compare to conventional
ceramics are anisotropic properties, incline in fracture toughness, fine thermal load resistivity,
rupture elongation (nearly 1 %), and more life span as compared to metals. Ceramic matrix
composites are generally used at high temperature application such as gas turbines; turbine
blades, as combustion chambers and stator vanes (Bansal and Lamon (2014)).

1.1.3 Glass

The glass is a combination of several metallic silicates, where alkali metal is one of the major
content in it. It is transparent, translucent, and amorphous in nature. Generally, glass is
considered as solidified supercooled solutions consist of several metallic silicates, which
possessed an infinite amount of viscosity. Moreover, it is known as a non-crystalline amorphous
solid material that has numerous applications in technological and decorative e.g. electronics,
optics, window panes, and many more. Glass can reflect, refract and transmit light. Hence, these
properties motivate to use it as prisms, optical fibers, and lens for high speed data transmission
by light by applying cutting, machining as well as polishing techniques to manufacture such
parts (Rangwala (2010)).

Soda lime glass is also known as soft glass and soda glass. It is mainly a fusion of calcium
silicate and sodium silicate. Its main properties are easily fusible at comparatively low
temperatures, possible to blow or weld, and economical (Darvishi et al. (2012); Jawalkar et al.
(2014)). Their applications are window glass, plate glass, glass tubes, and laboratory apparatus
(Rawlings et al. (2006)). Another kind of glass is quartz crystal, it possessed the characteristics
exemplify as hard, less porous as well as more flexible. It contained silicon dioxide (SiO;) and it
is also found in a wide variety of types and colors. Its properties are density (2.2 g/cm®), young’s
modulus (76.7 GPa), Vicker hardness (9.5 GPa), and fracture toughness of 0.71 MPa/m? (Wang
et al. (2018)).



Sapphire is considered as the purest form of aluminum oxide. It has characteristics such as no
grain boundaries or porosity and arrangement of mechanical, electrochemical, optical, thermal
durability. Its major properties are young’s modulus (478 GPa), Vicker hardness (27.6 GPa), and
fracture toughness (2 MPa/m?) (Wang et al. (2016a)). These properties pointed sapphire as
favorite materials with high performance system. Its major application is in several semi-
conductor applications.

Zerodur is known as lithium alumino silicate (Li2.Al,03.S10,) glass ceramic material which was
produced by Schott AG in 1968. It possessed some demanding properties such as low coefficient
of thermal expansion, homogeneity in nature, and exceptional mechanical properties. It is widely
used for the substrate of the EUV optics, astronautic mirror telescopes, and laser gyroscope
reflectors (Yao et al. (2010)). Some other applications are precision optics, optical elements for
comet probes, ring laser gyroscopes, mirror substrates of telescopes, and standards for precise
measurements.

After some modification in the chemical composition of the glass, optical glasses are formed.
These optical glasses are BK7 glass, K9 optical glass, KDP crystal, and pyrex, etc. There
applications such as microscope in fighter aircraft, scientific instruments, and spectacles.

BK7 glass holds some superior features such as stable optical qualities, bubble-free
characteristics as well as small quantity of inclusions. These properties stand BK7 glass separate
from other glasses to use it in optical industries. The major properties related to BK7 glass are
density (2.2 g/cm®), young’s modulus (63 GPa), Vicker's hardness (5 GPa), and fracture
toughness of 0.6 MPa/m? (Jain and Pandey (2017)). Yet, because of large fabrication costs and
deficiency to drill precise holes under dimensional tolerance, its application is still limited and
the reason behind the least usability is hard and brittle nature of the material (Lv et al. (2016)).
K9 glass is a functional material for optics, electronics and fluidics applications. Some of the
characteristics are described as young’s modulus (85.9 GPa), Vickers hardness (7.2 GPa), and
fracture toughness of 0.8 MPa/m?. It has better qualities for instance high hardness, strength,
thermal and corrosion resistance as well as wears resistance (Zhang et al. (2012)).

Crystal glass is known as potassium di-hydrogen phosphate (KDP) crystal. Due to its superior
characteristics, various parts are made up of KDP crystal. Its key characteristic is stated as
density (2.33 g/cm®), young’s modulus (63 GPa), Vickers hardness (2.5 GPa), and fracture



toughness of 0.1 MPa/m?. These are optical harmonic generation lens and electro-optic switches
etc. KDP crystal possessed comparatively inferior fracture toughness and hardness. Therefore, it
is considered difficult to machine material (Lv et al. (2016)).

1.1.4 Float Glass

Float glass is known as a non-crystalline amorphous solid. It is fabricated by melting sand (SiO5)
and other elements such as soda ash (Na;COs), salt cake (Na,S0O,), dolomite (Ca.Mg.(CO3);) and
limestone (CaCOs). Also, the broken cullet glass pieces are added to decline the melting
temperature of silica compound and to stimulate the glass’s optical clarity. The mixed cluster of
above mentioned materials is heated between 1450 °c to 1650 °c of temperature, respectively.
This method of fabrication of float glass is known as the Pilkington process. It is generally
named as plain glass or plain float glass (Fig. 1.3 (a)). Glass will transmit, reflect and
refract light; these qualities can be boosted by cutting, machining and polishing to make
components such as optical lenses, optical fibers and prisms for high speed data transmission by
light. High toughness, scratch resistance, superior safety, aesthetic appearance, high optical
clarity, no refraction defect, high light transmission, and higher efficiency leads as a major solar
application are an eye-catching property of float glass. Float glass could be further subdivided
into two parts i.e. Basic float glass and processed float glass. Complete detail of float glass is
mentioned in the below flow diagram (Fig. 1.2).

Float Glass
A% V4
Basic Float Glass Processed Float Glass
v v v v v v v v
Plain Tinted Wired Reflective Tempered Insulated Laminated Bullet Proof
Float Glass Glass Glass Glass Glass Glass Glass

Fig. 1.2: Flow diagram illustrates the detail of float glass

Tinted glass is known as normal flat glass. Tinted glass is formed by the addition of very fine
quantity (less than 1 %) of metal oxides as shown in Fig. 1.3 (b). In this type, various colors are
mixed during the manufacturing process to attain the solar radiation absorption and tint
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properties. These minor amounts of contents don't change the basic physical properties of the
float glass excluding solar, optical transmission, and reflection [20]. Added, wired glass is a type
of glass in which wire mesh has been included at the time of its production as shown in Fig. 1.3
(c). Another type of float glass is known as reflective glass (Fig. 1.3 (d)). It has been treated with
a metallic coating, which aids to reflect heat. It is widely used in environmental friendly
structure, whose main purpose is to reduce heat gain and loss. Also, making a building much
cheaper to heat and cool.

Basic glass is further processed to make it more high performance finished product which
could withstand at high wind pressure and to add more aesthetic features like better safety,
ultraviolet filtration, solar screening, better sound absorption capacity, fire resistivity, pleasant
interiors and exteriors to look good (Singh (2013)). Toughened (or tempered) glass is a type of
processed glass as represented in Fig. 1.3 (e). It is an exceptionally strong glass, because of
thermal heat treated process occurs. During heat treatment process, various sizes of glass panes
are electrically heated in the furnace up to 650°c. After heating, the glass pane is carried to a
chamber i.e. quenching chamber where it is cooled speedily by an explosion of air. It is
approximately 4 to 5 times stronger than the annealed glass. Tempered glass is widely used as
architectural glass and windscreen glass, because of the property like safety and strength. Major
properties of tempered glass are great strength, high thermal resistance, injury-proof (difficult to
break), and withstand during sudden impact (impossible to cut or drill). Therefore, all such prior
works such as cutting, drilling, and machining, etc. are done before the tempering process.
Hence, drilling is always performed before further processed.

Another type of processed glass is laminated glass, is consisting of two or more panels of glass
with one or more layers of polyvinyl butyral (PVB) sandwiched between them and then finally
used as shown in Fig. 1.3 (f). This sandwich has some exceptional benefits such as if the glass is
broken or cracked, fragments remain strongly stick to the polyvinyl butyral (PVB) interlayer.
Hence, it will reduce the peril of injury. Also, it will help to resist additional damage due to
weather and impact. For getting more impact bearing applications, laminated glass is widely

used. Table 1.1 describes the float glass properties.



Fig. 1.3: Types of Float glass: (a) Plain Float glass (b) Tinted glass (c) Wired glass (d) Reflective

Table 1.1: Float glass properties (Wang et al. (2018); www.makeitfrom.com; Wang et al. (2017);

glass (e) Tempered glass (f) Laminated glass

Wang et al. (2016); Khan and Haque (2007)).

S. no. Characteristics Value
1.

Density (p) 2300 - 2500 Kg/m
2 Thermal conductivity (k) 1.05 W/m°C
3 Poisson ratio 0.20-0.23
4 Modulus of elasticity (E) 38 GPa approx.
5. Elastic modulus (Tensile) 70 GPa
6 Compressive strength (St) 212 MPa approx.
7 Tensile strength (UTS) 50 MPa approx
8 Impact Strength 800 MPa
9 Vickers hardness 4.59 MPa
10. Specific Heat (C) 0.8 Jig/K
11. Transformation range 520 - 550°C
12. Glass transition temperature (Tg) 564 °C
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Where, the basic laminated glass is as a glass-PVB-glass sandwich which is safe for small
intrusions. To bear the larger impact, finally, it is used as a multiple layered sandwich of 'GLASS
+ PVB + GLASS + PVB + GLASS'. This sandwich will additionally escalate the toughness and
it is known as bullet proof glass.

Float glasses are generally used as residential and commercial building glass, solar panels,
automobile glass, optical lenses, prisms, etc. It has tremendous decorative, practical, and
technological applications i.e. window panes, medical implants, sensors, pumps, and pacemakers,
etc. Fig. 1.4 illustrates the final products of float glass: a) Glass plate used in Bajaj gas stove; b)

Glass plate used in solar panel.

(b)

Fig. 1.4: Final products of float glass: a) Glass plate used in bajaj gas stove; b) Glass plate used
in solar panel (Courtesy: GSC GLASS Pvt. Ltd, Noida)

Even though, researchers are still facing some machining and fabrication related issues, which
are directly associated with its practical application. It was discussed in some research studies
that traditional machining techniques such as conventional milling machine, water jet machine,
etc. are not providing efficient outcomes, because of their high hardness and brittleness
(Moriwaki et al. (1992)). Some of the trending glass drilling or machining techniques that are

employed in the industries and research institutes explained in the next section.
1.2 Overview of Glass Machining Processes

In today’s era, owing to hard and brittle materials exemplify as ceramics, glass, quartz, silicon
carbide, and ceramic composites are challenging to machine by the traditional machining
8



techniques. Instantly, researchers are working on parameters such as machining accuracy, high
precision machining productivity, and better surface quality. Therefore, machining of such
materials mainly focused on emerging new techniques for instance: conventional diamond
machining (CD), water jet machining (WJM), abrasive water jet machining (AWJM), laser beam
machining (LBM), electron beam machining (EBM) (Imran et al. (2015), vibration-assisted
machining (VAM), ultrasonic machining and rotary ultrasonic machining (RUM), etc. The
following machining processes have been used for most of the hard and brittle materials. But,

here in this report, the processes are explained in context with the machining of glass only.
1.2.1 Conventional Diamond Drilling

Conventional diamond tool based glass machining is generally used in creating holes and profile
shape of glass material. It is also adopted in various applications related to glass machining. But
still, because of its operational limitation, which is occurring nearby hole region or corner
surface of the glass, it declines its usability where precise work is required frequently during
mass production (Fanara et al. (2017)). Fig. 1.5 shows the conventional diamond drilling

machine.

Servo motor

Fig. 1.5: Conventional diamond drilling machine (Navanth and Sharma (2013))

Conventional drilling is a traditional machining technique used in creating components in
industrials. But still, engineers are facing various unwanted defects i.e. as fatigue fracture, low

hole accuracy, micro-cracks, and chipping (Xing et al. (2017)).



1.2.2 Water Jet Machining

Challenging to machine materials such as glass and ceramics are commonly fabricated by water
jet machining (WJM). WJM is a versatile and non-traditional process that is performed in several
industrial operations, particularly in the industrial machining and impulse fragmenting. But still
high consumable (slurry) cost, time consuming for large diameter of workpiece and high energy
consumption are the critical issues during water jet machining. Therefore, engineers are moving

ahead of the alternate machining options (Khan and Haque (2007)).
1.2.3 Abrasive Water Jet Machining

Abrasive water jet machining (AWJM) technique (Fig. 1.6) is known as a non-traditional process
that is used for cutting difficult-to-machine materials such as float glass. It is an updated version
of WJM technique. This process is particularly appropriate for brittle materials. The various
abrasives which are used during the process are named as silicon carbide (SiC), glass bead,
silica-sand, and garnet (Khan and Haque (2007)).

Waterjet
workpiece

Hollow table for

Fig. 1.6: Abrasive Water Jet Machining (AWJM) process (Khan and Haque (2007)).

During machining, there is least heat generation and the residual stresses have been noticed
nearby machined surface (Eneyew and Ramulu (2016)). But still, AWJM process has high
consumable (slurry) cost, time consuming for large diameter of the workpiece, and high energy

consumption which motivates researchers to go for alternate machining techniques.
1.2.4 Laser Beam machining

The laser is a coherent and amplified beam of electromagnetic radiation (Darvishi et al. (2012).
The mechanism behind the LBM is a combination of melting, vaporization, and chemical
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degradation (Salama et al. (2016a); (Salama et al. (2016b); Singh et al. (2011)). Fig. 1.7
illustrates the laser beam machining process. It is widely used in the aircraft, electronics, and
medical industries for machining of complex parts of the material such as ceramics, glass, and
titanium (Dubey and Yadava (2008)). It helps to create micro-channels as well as to form

complex shapes.
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Fig. 1.7: Laser beam machining (Chang et al. (2017); Nikumb et al. (2005))

The major constraints that happened during machining are challenging to control the two or more
laser beams at diverse angles during 3-D machining, difficult to form high thickness parts, and

complex to machine transparent or shiny materials (Tsai and Chen (2003)).
1.2.5 Electro-Chemical Discharge Machining (ECDM)

Electro-chemical discharge machining (ECDM) is known as a non-conventional machining
technique which is used for drilling and machining electrically non-conducting workpiece such
as glass, quartz, and ceramic. The machining mechanism is based on the melting, vaporization
and thermal erosion, owing to the heat discharge during the process. But, it is difficult to create
intricate and complex shapes of glass workpiece (Goud and Sharma (2017); Goud et al. (2016)).

1.2.6 Vibration Assisted Machining

Vibration assisted machining is a process that provides a micro-level high frequency vibration to
the motion of a tool tip to make the tool and workpiece interaction a discontinuous process. It
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would affect the tool to vibrate along with the cutting or thrust direction at a high frequency of
15 kHz approx with an amplitude of 1 to 15 micron (Xu and Zhang (2015)). Vibration assisted
machining (VAM) is specifically helpful in machining difficult-to-cut materials. A wide number
of applications make the vibration-assisted machining more effective than the conventional
machining process. Fig. 1.8 demonstrates the vibration-assisted machining (VAM) process
(Kumar et al. (2014).

High frequency cable
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Fig. 1.8: Vibration assisted machining (VAM) (Kumar et al. (2014)

This technique is used to improve the machinability of float glass. Nowadays, researchers are
more focused on the various vibration-based machining technique exemplify as vibration-
assisted machining, stationary ultrasonic machining, and rotary ultrasonic machining (Xu et al.
(2014). In the case of vibration-assisted machining process, the tool and workpiece carried out
the discontinuous interaction between them. It could enhance the machining quality up to a
certain level. Still, the chances of crack propagation, when parameters are not optimized are
brain storming problem (Kumar et al. (2014).

1.2.7 Ultrasonic Machining

Ultrasonic machining is satisfying the market demand for machining glass-like materials. It is
also known as stationary (or conventional) ultrasonic machining (Zhang et al. (1998)). There are
three renowned material removal mechanisms are explained in several researcher studies such as
the hammering action by the larger grits particles when the tool, abrasive and workpiece are in
contact, the impact action by the smaller size moving grit particles in the working gap and the

cavitations-erosion action in which the bubble collapses in the working gap by absorbing

12



ultrasonic vibration energy (Guzzo and Shinohara (2004; Ya et al. (2002)). Ultrasonic
machining is used to machine the non-thermal and non-chemical material specimens. There is no
significant change in the chemical and physical properties of the workpiece and proposed a stress
free machined surface (Xu and Zhang (2015)). Fig. 1.9 shows the ultrasonic machining process.

However, during float glass ultrasonic drilling some limitations are needed to be sought out.
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Fig. 1.9: Ultrasonic machining (Guzzo and Shinohara (2004))

These are the poor abrasive slurry flow in drilling deep holes, low form accuracy in drilling
small holes, and considerable tool wear prohibit the wider application of float glass. Another two
major concerns during USM are the chipping at the corners and edges of the hole entrance and
the exit. To overcome these shortcomings during float glass machining, rotary ultrasonic
machining was invented in 1964 (Wang et al. (2016b)).

1.2.8 Rotary Ultrasonic Machining

Rotary ultrasonic machining (RUM) is considered as a cost-effective machining process which is
presented for creating holes in glass and advanced ceramics (Jain and Pandey (2017)). It is
known as a hybrid machining technique which merges the material removal mechanism of
ultrasonic machining and diamond grinding; consequently, it fascinates the better material
removal rate than ultrasonic machining or by diamond grinding (Phadnis et al. (2012); Phadnis et
al. (2013); Roy Roy et al. (2012)). In this process, a metal bonded drill tool with diamond
abrasives electroplated over it has been moved in a rotational motion along with ultrasonic

vibration are simultaneously fed in the direction of the workpiece specimen at a constant feed
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rate. During machining, the high-frequency electrical energy is converted into the mechanical
vibrations through a piezoelectric or magnetostrictive transducer which is then transmitted
through horn assembly. Where, horn assembly is known as an energy focusing device. It would
affect the tool to vibrate along with the cutting or thrust direction at a high frequency of 15 kHz
(approx) and amplitude of 1 to 15 micron (Li et al. (2005)). Finally, material has been removed
from the machined to be surface. Rotary ultrasonic machining (RUM) could achieve deep holes
drilling, better hole accuracy, greater surface finish, minimum cutting force, and lesser tool
pressure (Jiao et al. (2005); Zeng et al. (2005); Kuruc et al. (2015)). Usually, coolant is circulated
from the core of the drill tool to wash away the unwanted scrap particles and keep both drill and
workpiece cool. Fig. 1.10 (a) shows the rotary ultrasonic machining process and Fig. 1.10 (b)

illustrates the 3-D view of the rotary ultrasonic machining (RUM) tool.

End face ——>, Efljet.:tive
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Fig. 1.10: (a) Rotary Ultrasonic Machining (RUM) process (Li et al. (2005)), (b) 3-D view of
RUM tool (Jain and Pandey (2016))

1.3 Application of Rotary Ultrasonic Machining
A list of applications based upon their respective material properties during RUM is mentioned
in Table 1.2.
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Table 1.2: Applications of Rotary ultrasonic machining ((Wang et al. (2016b); Kuruc et al.
(2015); (Li et al. (2005); Singh and Singhal (2015))

Materials Properties Application

Dental ~ ceramics, High strength, low tensile Molar crowns, veneers, knee

Bone, CMC strength, superior wear resistance  joints, aesthetics restorations

Optical K9 glass High Hardness, Strength, low Optics, thermodynamics,
fracture toughness, corrosion electronics, fluidics
resistance

Glass BK7, Quartz, High hardness and brittleness Optical glass, automobile glass,

Float glass reflective solar glass etc.

Sapphire,  Silicon Great hardness, good thermal IC chips, thin film substrates,
carbide stability, chemical inertness, good various electronics, and

light transmission mechanical components

1.4 Key Terminology
Some of the major terminologies used in the present research study are explained in this section.
1.4.1 Hole Quality

Hole quality is an expression which explained that the purpose of the hole is achieved or not. The
purpose or function of the product is described by its application. For instance, in the case of
solar panel glass, the product should be defect free and reliable. The product which has no or
negligible defects occurred during fabrication or machining processes, is stated as good quality.
During machining (drilling, slot cutting, milling, grinding) processes, various types of defects
could occur (Singh et al. (2008); Bhatnagar et al. (2004); Singh and Bhatnagar (2006); Davim
(2010); Davim et al. (2004); Balogun and Mativenga (2017)). These defects or challenges are
exemplified as chipping (edge and surface chipping), cracking, and surface roughness. However,
chipping is the key obstacle during drilling high-quality holes (Zhang et al. (1998); Jiao et al.
(2005); (Li et al. (2005); Singh and Singhal (2015); Abrao et al. (2007)). During drilling of
brittle material like float glass, surface damage caused by the propagation of chipping over the
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workpiece periphery is a vital notion to work by researchers. These damages have significantly
affected the float glass usability (Arif et al. (2012)).

1.4.2 Chipping
A defect in which a small section of a workpiece is broken on the top or side corners is called
chipping. The chipping generally occurs during the machining or drilling process. Some causes
of chipping could be high temperature machining or improper coolant. The general remedies to
avoid chipping could be controlled by selecting the best machining parameters. Normally, it can
be sub-divided into two types: (a) Hole entrance chipping and (b) Hole exit chipping.

1.4.2.1 Hole Entrance chipping
The chipping occurred at the entrance corner of the hole is stated as entrance chipping. As shown
in Fig. 1.11, hole entrance view shows the chipping occurrence near hole corners. It is noticed
that the break out part is evaluated in form of radial chip distance (RCD).

Maximum radial chip distance
Ideal hole diameter \ {RCD)
- Real hole diameter
(includes corner
chipping)
Minimum Radial chip
distance (RCD)
at hole entrance

Fig. 1.11: Schematic hole entrance view

The radial chip distance (RCD) is defined as the difference between the maximum (actual) hole
diameter (up to which chipping is reached) to the required (ideal) hole diameter.

1.4.2.2 Hole Exit chipping

In most of the cases, chipping at the hole exit corners (Fig. 1.12 (a)) are in huge amount. In
actual practice, it is a challenging task for the engineers to measure the chipping in the exact
amount. Therefore, the left out a portion of the hole i.e. machined rod (Fig.1.12 (b)) is used to
validate the exit chipping on the hole. The reasons for using the machined rod as a means of exit
hole chipping are 1. The edge chipping at the hole exit is expected to precisely follow the
available chipping on the machined rod; 2. More suitable to quantify the chip radial distance and
chip thickness by the machined rod. The depth of chipping in a hole is difficult to quantify

whereas, it is easy to measure the height/thickness of chipping in a machined rod. Owing to these
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reasons, the machined rod is used to quantify the amount of chipping in the form of chip
thickness and chip distance radial at the exit side. Here, some terminologies are used which help

to quantify the chipping amount. Fig. 1.13 depicts the microscopic image of the machined rod

and its related measurement.

Machined rod
Hole exit
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Fig. 1.12: Hole back side view (a) Hole Exit chipping (b) Different views of Machined rod

Chip radial distance (CRD) is defined as the difference between the (maximum) exit radius of
chip rod (R¢) and the entrance radius of chip rod (rc). Chip thickness (t¢) is stated as the depth of
chipping at hole exit portion. The detailed explanation is discussed in Chapter 3.

Entrance radius

Chip radial
distance (CRD)

Chip 1J‘: :
thickness (tc}) 7
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Fig. 1.13: Illustration of the microscopic image of the machined rod and its related measurement
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1.5 Benefits of Float Glass’s Hole Quality Enhancement

Nowadays, Ceramic and glass industries are facing plethora of hole quality problems. The float
glass’s hole quality enhancement could improve the impact bearing capacity and leads to the
reduction in chances of fatigue failure which would provide a better hole tolerance limit. Once
the drilled hole quality is improved, it would reduce the effect of wear and tear loss and directly
decline the monetary losses bear by the industries during glass fabrication. Subsequently, the
float glass’s applications would have been increased along with its service life span.

1.6 Organization of the Thesis Chapters

The thesis is organized into the following chapters including the references.

Chapter 1: Introduces the different types of glass and ceramic types, its properties, demand, and
applications. Various glass machining processes (especially: rotary ultrasonic machining) are
explained including mechanism, advantage, limitation, and application.

Chapter 2: The available literature is grouped in two categories. One category is material
specific i.e. machining (drilling, grinding) of glass composites by various methods and the
second category is machine specific i.e. rotary ultrasonic machining. Also, some glass industry
visits have been carried out to check the feasibility of the present research work. The chapter
ends with the main objectives of the present research work and organization of the thesis
chapters.

Chapter 3: Reports the development of rotary ultrasonic machining setup. The workpiece detail
(measurements, properties) and tools detail (specifications, properties, and dimensions) have
been elaborated. Further, experimentation procedure and parametric conditions are explained in
three categories such as multi-shaped tool based experimentation (for the blind hole), process
optimization experimentation (for through hole), the effect of tempering on pre-tempered float
glass experimentation. The chapter describes the detail of characterization techniques such as
coordinate measuring machine, SEM, optical profilometer, surface roughness tester, and digital
microscope which are used for measuring and computing the hole quality and tool wear.
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Chapter 4: States the results related to the effect of multi-shaped tools on entrance chipping.
The effect on the multi-shaped tool wear is also explained. The detailed study about the effect of
various parameters such as spindle speed, feed rate, vibration amplitude, and tool diameter on the
hole entrance and exit chipping are reported. This chapter also incorporated the effect of similar
input parameters on average surface roughness at hole internal region. The comparison of
chipping before and after tempering process during conventional drilling (CD) and rotary
ultrasonic drilling (RUD) has also been carried out.

Chapter 5: Deals with the FE analysis of stress generation at hole exit during rotary ultrasonic
drilling of float glass specimen. Paying attention to minimizing the unwanted chipping
measurements such as chip radial distance and chip thickness which are generated during drilling
of float glass.

Chapter 6: Reflects with the conclusions and important findings of the present research work

and also the scope of the future work.
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CHAPTER 2: Literature Review

To carry out the study on float glass drilling and its related machining conditions and results, the

available literature is grouped in two categories. One category is material specific i.e. machining
(drilling, grinding) of glass composites by various methods and the second category is machine
specific i.e. rotary ultrasonic machining. Also, the categories further contain their experimental
aspects and theoretical studies.

In the first category, traditional and non-traditional machining processes such as ultrasonic
machining, vibration-assisted machining, laser beam machining, conventional machining, and
water jet machining excluding rotary ultrasonic machining are discussed while considering glass
material. In the next category, the extensive literature specifically relevant to the rotary
ultrasonic machining of miscellaneous hard and brittle materials exemplify as float glass,
ceramics, quartz, soda lime, borosilicate glass, and zerodur, is discussed.

These above sections contain the various machining based issues which are unhealed or still
under the researcher's eye. These are hole exit quality, chipping in glass, micro-cracks, surface
topography, damage portion analysis, and ductile mode of machining up to its zenith level, metal
removal rate, cutting force, tool wear, and surface roughness. Also, some ceramic and glass
industries visits have been carried out to check the feasibility of the proposed work. The detailed
observations of the industrial visits are explained precisely. Subsequently, the research gaps and
objectives of the work have been postulated.

2.1. Glass Machining

Investigations related to glass machining by several traditional and non-traditional machining
processes are discussed below.

Park et al. (2002) worked on micro-drilling of glass plates, to investigate the cracks that occur at
the hole exit portion. A back-up glass plate was aided to prevent the exit crack up to certain limit.
A tungsten carbide based drill tool with diameters of 0.1, 0.2, and 0.4 mm was used for glass
drilling. Fig. 2.1 shows the shapes of the drilled hole which include: (a) Hole entrance (b) Hole

exit.
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50Lm

(b)
Fig. 2.1: Shapes of drilled hole (a) Hole entrance (b) Hole exit

Simulation results showed that tensile stress has possessed a significant role in crack
propagation. It was found that the tensile stress near the drilled corner has been reduced while
using back-up plates as compared to drilling without back up plates.

Gan et al. (2003) considered the fused silica material for carry out the ultra-precision diamond
turning aided by ultrasonic vibration-based machining technique. The parameters and tool
conditions mentioned as the feed rate (5pm/rev), spindle speed (90 rpm), vibration amplitude (3
pm), vibration frequency (40 kHz) with tool’s clearance angle and rake angle as 11° and 0°,
respectively. Consequently, the surface roughness (R,) near the transition area was
approximately 100 nm at a consistent feed rate of 5 mm/rev during the ductile mode of
machining.

Azmir and Ahsan (2008) performed experimentation on workpiece made up of glass fiber
reinforced epoxy composites to optimize the process working parameters that affect the
machining. Also, the analysis of variance (ANOVA) and Taguchi methods was deployed. Here,
the mathematical model was established in predicting the machining response of abrasive water
jet machining. The analysis was approached with 95 % confidence level. Lastly, the value of
coefficients of determination (R?) was determined as 0.791 for the mathematical model. In
nutshell, after this comparative study based upon experimental and mathematical model, it was
noticed that the stand-off distance, hydraulic pressure, transverse rate, and abrasive types, had a
significant effect on surface roughness.

Karim et al. (2011) performed an experimental study to minimize the edge chipping for soda
lime glass specimen during milling operations using a cubic boron nitride (CBN) tool by
optimizing the machining parameters i.e. depth of cut, feed rate, spindle speed, and coolant
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pressure. It was found that at the lower depth of cut as well as feed rate values, the edge chipping
width was reduced. As a result, it would reduce the cutting forces acting on the workpiece
specimen. It was also noticed that as the spindle speed increased, the transition from brittle to
ductile machining mode take place. Consequently, the higher cutting temperature linked with the
higher spindle speed increased the workpiece ductility. Afterward, it reduced the cutting forces
that created lesser chipping width. Lastly, it was mentioned that the spindle speed should be in
the optimum range.

Baek et al. (2013) did an investigation on the glass coated with wax and as well as glass without
wax coating while deploying on ultrasonic machining. In this work, blind holes were fabricated.
Here, the specifications of the tool were as: diameter is 1.6 mm, thickness is 1 mm and feed rate
was noted as 10 m/s. Fig. 2.2 represents a view of glass machined hole generated by traditional
USM.

Fig. 2.2: Glass machined hole view generated by traditional USM (Baek et al. (2013))
Moreover, flat end shape tools were used and the wax coatings were applied with the thickness
range of 0.0, 0.3, 0.6, and 1.0 mm, respectively. It was found that the wax coating shields the
surface of the glass so that cracks are created in the wax in spite of the surface. In a nutshell, the
surface quality of the glass holes is improved in ultrasonic machining.

Feucht et al. (2014) mentioned that the ultrasonic grinding/ machining of glass, ceramics, and
similar materials were achieved by diamond impregnated tools through undefined cutting edges.
Moreover, the mechanism behind machining was that material was removed by abrasion and the
formation of micro fractures due to ultrasonic impacting at the surface of the workpiece. It was
notified that the feed force was declined by 30 % while using vibration-assisted conventional

22



drilling. Ultrasonic machining technique could able to enhance surface roughness values and
edge quality too. Subsequently, lesser temperatures at the tool, a perpetual machining quality,
and reduced tool wear were achieved. Lastly, the ultrasonic machining technique fascinated the
productivity nourishment and inclination in component quality compared to traditional
techniques.

Pawar et al. (2015) did review study on machining of glass-like brittle materials to improve its
machining characteristics. Also, Fig. 2.3 represents the pie chart related to the percentage of
research focused on various types of results on glass material. It was reported that glass material
is mostly machined or drilled by ultrasonic machining (USM), abrasive water jet machining
(AWJM), laser machining (LM), and electro-chemical discharge machining (ECDM). On
another side, rotary ultrasonic machining (RUM) is still under investigation for glass and ceramic
machining. During machining of glass specimens, most of the output results were focused on

material removal rate (MRR), surface roughness, and surface quality.

Results on Glass

®MRR=23%
m Surface Roughness =19 %
m Surface Quality =10 %
m Depth of Cut/Micro hole =17 %
m Cutting energy =3 %
mCost=5%

Aspectratio=4%

Cutting Force =3 %

Tool Wear Rate =3 %

Feature/Profile integrity =13 %

Fig. 2.3: Percentage of research focused on various types of results on glass related brittle
materials (Pawar et al. (2015))

Ahmed (2016) did an investigation on the drilling portion of carbon fiber epoxy composite using
an electrical discharge machining (EDM) process. The machining quality of the drilled hole was
evaluated by considering the delamination extent, deviation in hole size, and hole taper. It was
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found that after drilling process some deep cavities were observed on the specimen. These
cavities were arising because of decomposition and evaporation of the epoxy specimen. It was
mentioned that the cracks were formed owing to the pressure of the decomposition gasses. Also,
thermal residual stresses were the reason behind the occurrence of fracture at the sharp edges of
the hole.

Hasan et al. (2017) worked on the various shapes and features of tools such as single flute,
compound drill tool, twist drill tool, multi-shaped tools, and coated drill tools have been used for
micro-drilling purpose. It was mentioned that the micro-drilling of the product, boost the utility

in medicine, automobiles, and electronics based the industries.

2.2 Rotary Ultrasonic Machining (RUM)
The literature regarding the rotary ultrasonic machining process of ceramic and glass-like
materials i.e. float glass, ceramics, quartz, soda lime, borosilicate glass, zerodur etc. are
discussed as below. It is sub-divided into two parts: experimental based and modeling related to
stress generation based studies.

2.2.1 Experimental Studies
In the research study of Prabhakar et al. (1993), experimental results have been represented and
the machining rate obtained from RUM was nearly 6 to 10 times greater than that from a
conventional grinding process under similar conditions. While comparing, RUM was found 10
times faster than USM. Especially, it was much easier to drill deep and small holes with RUM
than with USM process. Additional benefits of improved hole accuracy and low tool pressure
were also reported.
Wiercigroch et al. (1999) involved in the prediction of a mathematical model based on metal
removal rate by rotary ultrasonic drilling on glass samples with high amplitudes forces produced
by the impact. These forces were further acted on the workpiece samples and generated micro-
cracks in the cutting zone. It was encapsulated that the ultrasonic machining based method
created relatively mediocre material removal rate (MRR), poor accuracy, and significant tool
wear while comparing with rotary ultrasonic machining.
Li et al. (2005) found that the experimental set up was consisting of an ultrasonic spindle
system, a data acquisition system, and a coolant system. Added, it was observed that the metal
removal rate (MRR) was 10% higher in RUM than diamond drilling for both CMC and alumina
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workpieces. Moreover, in the case of RUM, the cutting force was reduced to 50 % as compared
to diamond drilling. Results revealed that the high quality holes on CMC panels can be achieved
by RUM with proper machining parameters exemplify as spindle speed, feed rate, and ultrasonic
power. It was notified that the feed rate has the most significant effects on cutting force. In a
nutshell, it was considered that all three machining process parameters i.e. spindle speed, feed
rate, and ultrasonic power has crucial effects on hole quality.

Zeng et al. (2005) have investigated the cutting force and observed the topography of the end
face and lateral face of a diamond tool in RUM for SiC workpiece. During the wear analysis of
tool end face, the tool wear in RUM has two diverse stages. In the first stage, attritious wear
dominates. In the second stage, bond fracture dominates. The tool fails to function any longer
when the bond fracture becomes too severe. Here, it was detected that, in the first 6 drilling tests,
as the number of drilling tests increased the maximum cutting force was also started inclining.
Though, after the completion of six drilling tests, the maximum cutting force reduced. The
reason was mentioned that it was happening because of the blunting of diamond grains. In a
nutshell, it was concluded that the maximum cutting force in RUM of SiC was interrelated to the
tool wear stage.

Yang et al. (2009) did an investigation base on the mechanism of edge chipping occurred during
laser-assisted milling (LAM) on silicon nitride ceramics. It was found that as the temperature
reached above the softening point and below the brittle/ductile transition temperature during
machining, then the values of the cutting forces have been decreased that caused decreased in
chipping. When the temperature is reached above the brittle/ductile transition temperature, it
would increase the toughness of the specimen edges. The combination of the softening and
toughening mechanisms has reduced the chipping form the edges.

Cong et al. (2012) analyzed the power consumption in rotary ultrasonic machining (RUM) while
machining of carbon fiber reinforced plastic (CFRP) material. Moreover, different CFRP
workpieces significantly affected the power consumption of ultrasonic power supply, coolant
pump, and spindle motor.

Lv et al. (2013) were evaluated the surface formation mechanisms analysis on BK7 glass, which
was incorporated by rotary ultrasonic machining (RUM). Additionally, it was notified that the
stress imbalance on the workpiece specimen surface brought by the dramatic fluctuation of the
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abrasive inertia load triggered ample tortuous cracks develop on the rotary ultrasonic machining
grooves generated in the ductile material removal stage in 0.2 m sized length. Also, a theoretical
model based upon the surface formation mechanisms were established on RUM by considering
the ultrasonic effects, exemplify as the lower dynamic fracture toughness of workpiece, the
larger abrasive inertia force and cyclical variation in the effective work angle of the abrasive.
Here, while execution of experiments; it was notified that the ultrasonic vibration could
significantly decline the cutting force of the diamond tool owing to the ductile behavior of thee
BK7 glass. Nevertheless, the surface quality of the RUM workpiece samples was marginally
degraded. In a nutshell, the ultrasonic superposition delivered a superior processing performance.
Zhang et al. (2014) worked on drilling of K9 glass specimens using RUM process by applying
compressed air like a coolant. The input experimental factors are feed rate (mm/sec), spindle
speed (r/min) and ultrasonic power (% age). The output factors were opted as surface roughness,
edge chipping and power consumption. It was found that surface roughness over the drilled
region has been reduced by adding more spindle speed. Opposite trend of surface roughness
increased was noticed by increasing ultrasonic power and feed rate. Also, mentioned that the
chipping size has been diminished by increases of spindle speed.

Ding et al. (2014) conducted experimental tests on machining of C/SiC composites while using
rotary ultrasonic machining (RUM) and conventional drilling (CD) tests with a diamond core
drill. Fig. 2.4 describes the experimental setup of RUM and CD.

Coregril

Dynamometer

Fig. 2.4: RUM and CD experimental setup (Ding et al. (2014))
Here, the outcomes showed, while compared to conventional drilling (CD) that the drilling force
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and torque for RUM were reduced by 23% and 47.6%, respectively. It was also notified that the
drilling force and torque in RUM were smaller than CD when the spindle speed was 8000 rpm.
The value of the drilling force for RUM was lower than CD and it was evaluated as 8.9% to
12.6% and the value of torque was 23% to 28.8%, respectively. It was found that the RUM
created drilled holes of improved surface quality under similar operating conditions.

Liu et al. (2014) discussed that during drilling of brittle material by RUM, the proper
consideration of tool wear was lead to the minimization of the micro-chipping and cracking
near hole exit. It was revealed that during experimentation, exit crack was reduced to 25.375 um
as well as the tool wear was declined by 16.891 um, respectively. Hence, the approach was
verified and validate that it was effective for decreasing exit chipping while limiting tool wear.
Xu et al. (2014) suggested rotary ultrasonic machining/texturing to generate hybrid periodic
micro/nano-textures on flat surfaces. Here, the diamond tool dimensions were noticed as length
and diameter of 28 mm and 3 mm, respectively. Added, the cutting locus also evaluated
mathematically, to get accurate and control the texturing process. During research study, several
parameters for instance cutting edges, various tool faces, tool tip's geometry, cutting corner, the
cutting locus and the surface textural features were analyzed. In the end, it was mentioned that
there is a vital demand for rotary ultrasonic machining/ texturing method in the field of
machining hard and brittle materials.

In this study, Kuruc et al. (2015) major concern was machining of poly-crystalline cubic boron
nitride (PCBN) by Rotary Ultrasonic Machining (RUM). Here, the machining parameters were
spindle speed of 8000 rpm, feed rate 300 mm/min, depth of cut 0.003 mm, vibration frequency
21.6 kHz and vibration amplitude was 6 um, respectively. The results mentioned that the rotary
ultrasonic machining could attain low level of surface roughness, i.e. Ra 0.24 pum through
machining of PCBN for the welding tool.

In the study of Ning et al. (2015), a comparison between the conventional grinding and RUM for
CFRP workpieces was considered for the output variables i.e. cutting force, torque, surface
roughness, hole diameter, and material removal rate (MRR). Fig. 2.5 illustrates the tool used in
both RUM and grinding and Fig. 2.6 shows the rotary ultrasonic machining (RUM) experimental

setup.
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Fig. 2.5: Hlustration of the tool used in RUM (Ning et al. (2015))
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Fig. 2.6: Rotary ultrasonic machining (RUM) experimental setup (Ning et al. (2015))

Here, with the increase of tool rotation speed from 1000 to 5000 rpm, cutting force decreased in
both RUM and grinding. It was found that as the tool rotation speed hiked from 1000 rpm to
5000 rpm, cutting force declined in both RUM and grinding. At last, it was concluded while

comparing with the grinding process, the RUM process accomplished better in the drilling of
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CFRP, including lower cutting force, lower torque, and better surface roughness. As well as, it
was mentioned that the RUM machine required an ultrasonic generation system and special
tools.

Lv et al. (2016) demonstrated a high-frequency vibration-based mechanism based on hole
entrance chipping in RUD process of BK7 glass. It was mentioned that the deformation
characteristics of the glass induced by the ultrasonic superposition would extensively influence
the nucleation as well as propagation of entrance chipping during rotary ultrasonic drilling. Hole
entrance quality was significantly determined by the nucleation of the lateral cracking systems
between the initial tool’s abrasive and workpiece material extrusion phase. After RUD process,
scale-like cracking appeared nearby the hole. In the case of CD process, after the tool’s abrasive
unloading phase, the immense residual stress would generate which depicts as lateral cracks
initialization. Whereas, the superimposing ultrasonic vibration controlled the intensification of
the lateral cracking nearby hole entrance. Specifically, it was found that the superimposition of
ultrasonic leads to the drastic improvement in the holes edge quality.

Singh and Singhal (2016) investigated that the maximum research study has been performed on
examining the outcome characteristics such as surface roughness, cutting force, and material
removal rate (MRR) during RUM process i.e. 25 %, 25 % and 15 %, respectively. Subsequently,
it was noticed that the hole quality, subsurface damages, and edge chipping size have least
examined outcomes as represented in this article i.e. 4 %, 4 %, and 3 %, respectively. Various
machining performances are described as per its investigation by RUM process (Fig. 2.7).

Subsurface Cracks/ Damages
4%
Cutting Temperature

NS

Edge chipping size
3%

Material removal rate
15%

Cutting force
25%

Power Consumption

Tool life

29% Surface

Roughness
Tool wear 25%
10% Hole Quality

4%

Fig. 2.7: Based on various machining performances investigated in RUM (Singh et al. (2016))
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It was noticed that the machining of hard and brittle materials exemplify as float glass, ceramics,
quartz, soda lime, borosilicate glass, zerodur, and ceramic matrix composites (CMC) have been
carry out using RUM process.

Wang et al. (2016a) developed an edge chipping size based analytical model. In this model, the
effect of subsurface cracks and cutting force has been taken during RUD process. The
experimental test had been conducted on the K9 optical glass samples to found the modeling
coefficients. Analytical model and experimental results stated that edge chipping size were
having greater influence of spindle speed and feed rate. On another hand, ultrasonic vibration
amplitude was having least impact on chipping size. Overall, it was mentioned that the RUD
process has a worthy method in drilling of brittle material.

Wang et al. (2016c) worked on the edge chipping reduction by making a hole on quartz glass by
RUD process. The edge chipping initiation is estimated by the correlation between the
machining-induced crack and the driving force. Vickers indenter technique is used to estimate
the size of the crack. The elastic fracture mechanics theory is used for crack evaluation. Where, it
has been noticed that the edge chipping fracture is strongly influenced by the toughness of the
brittle material. It was concluded that the reduction in cutting force leads to crack size reduction.
Subsequently, it was noticed that the cracks induced by RUD process are smaller in size than
induced by conventional drilling.

Hu et al. (2017) carried out an experimental study of Rotary ultrasonic machining (RUM) and
grinding process on optical BK7 and K9 glass samples. Effect of ultrasonic power on cutting
forces, edge chipping, and torque were considered. It was found that at higher ultrasonic power
rate, the cutting force, as well as torque, is reduced. A similar effect is also noticed in the case of
edge chipping. The least size of edge chipping is noticed between 40 to 80 % of ultrasonic
power.

Jain and Pandey (2017) established a mathematical model based upon the chip thickness and
cutting forces during RUM process on borosilicate glass. It was revealed that the ductile mode of
fracture and surface finish were superior in RUM process to the grinding process.

Ning et al. (2017) established a mathematical model to estimate the ultrasonic vibration
amplitude at various combinations of input factors in the rotary ultrasonic machining of CFRP
specimens. The vibration amplitude-based theoretical model is further validated by experimental
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outcomes, which were confirmed by the microscope observation method. Finally, it was revealed
that the ultrasonic vibration amplitude is one of the significant key input variables during rotary
ultrasonic machining. It has a noteworthy impact on cutting force, cutting temperature, and
chipping.

Wang et al. (2017b) worked on estimating a critical feed rate with respect to amplitude and
spindle speed. Sapphire and quartz glass work samples have been carried out. A critical feed rate
based analytical model was predicted which considering the indentation fracture mechanic and
the impact of vibrating systems theory. It was found that when the feed rate exceeds up to a
critical value, the cutting force increased rapidly, along with a considerable decline in ultrasonic
amplitude. It was also noticed that as the tool thickness reduced in size, the critical feed rate
significantly improved.

Wang et al. (2018a) used a compound step-taper tool installed on RUM process to reduce the
chipping defects. Quartz glass was used in the experimental study. It was mentioned that the
mechanism behind the chipping reduction near hole exit stated that the decrease in cutting force
leads to decline in undrilled thickness. The reason for lesser cutting force could be the formation
of wedge type contact structure between the taper face of the tool with respect to the workpiece
specimen. The size of chipping at hole entrance has been reduced owing to the shielding impact
of the residual cracks. It was found that the compound tool has reduced the chipping size at the
hole entrance and exit between 35 % to 50 % and 60 % to 80 %, respectively. Hence, it was
concluded that the compound tool has an effective impact on improving the hole exit quality by
adjusting the angle of the tool taper face.

Wang et al. (2018b) did a review study on the damage and defects that occur during Rotary
ultrasonic machining (RUM) process on hard and brittle materials. It was stated that the RUM
process has a combined effect of diamond grinding and small amplitude of tool vibration, to
enhance the machining quality of brittle specimens. In this study, the mechanism related to the
chipping formation, subsurface damages, and tearing defects have been elaborated. It was
noticed during the ultrasonic vibration of the tool, the trajectory motion of the diamond abrasive

is sinusoidal which leads to enhancement of hole quality.
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2.2.2 Theoretical Studies

Jiao et al. (2005) analyzed Al,O3; (Alumina) specimen during the formation of edge chipping by
rotary ultrasonic machining (RUM). Also, the FEM analysis was taken place along with the
integration of designed experiments. Furthermore, the author was established a cutting force
based model under a uniform pressure acting on the work component surface during machining.
Moreover, FEM analysis was delivering the stress and strain distributions in work component
during occurring of rotary ultrasonic machining. Additionally, the relationship between cutting
force and chipping thickness was revealed from the FEM simulations and then compared with
the outcomes of the designed experiments. It was concluded that as the spindle speed increase
and reduction in feed rate take place, it would lead to smaller chipping thickness. Subsequently,
cutting force was the key influencing parameter on edge chipping and the greater edge chipping
was achieved at higher cutting force. Yet, there was limited research study on edge chipping by
rotary ultrasonic machining was revealed.

Li et al. (2006) performed ceramic drilling by RUM process. In the study, a 3-D finite element
analysis was established to investigate the effects of support length, pre-tightening load, and
cutting depth on the von Mises stress near the chipping initiation region. Added, von Mises stress
failure criterion was applied to find the relationship between the support length and the edge
chipping thickness. It was also noticed that the chipping thickness was decreased from 0.80 to
0.79 mm, as the support length increases from 4.5 to 10.5 mm, respectively. A fine agreement
was predicted between FEA simulation and experimental chip thickness outcome.

Singh et al. (2008) did a comparative study using experimental and finite element study by
drilling of glass fiber reinforced plastics using a twist drill of 6 mm diameter with 90°, 104% and
118° point angles. The study was aimed at tool geometry, optimization of drilling variables, and
thrust force modeling. The simulation was focused on direct stresses and shear stresses which
was noticed near hole edges. The maximum stress failure criterion signifies the specimen failure
in the principal direction only and Tsai Wu Failure criteria carried out as the interaction of the
stress components in all the directions. Fig. 2.8 illustrates the Tsai Wu failure plot on workpiece

specimen using twist drill of point angle 90°.
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Fig. 2.8: Tsai Wu failure plot on workpiece specimen using twist drill of point angle 90° (Singh

et al. (2008))

Results showed that the lower point angle of the tool tends to reduce the damage portion while

drilling. Consequently, it was stated that the decrease in feed rate and point angle of the tool

significantly decrease the drilling forces, that has been further influence the hole quality.

2.3 Tabular Summary of Glass machining outcomes

A summary of glass machining outcomes is reported in the following Table 2.1 which includes

workpiece detail, input parameters/tool details, and findings of the different research articles.

Table 2.1 Tabular Summary of Glass machining and Rotary ultrasonic machining (RUM)

Author
and Year
of
Publication
Park et al.

(2002)

Workpiece
detail

Soda-lime glass
Properties:
Young modulus
(E)- 69 (GPa),
Poisson
0.22,

ratio-

outcomes

Input Parameters/ Tool

detail

Machining detail:
Spindle speed (rpm) -
20000 to 40000, Cutting
speed (M/min) - 6.28 to
50.3, Feed rate (um/rev) -
0.1to 2.

Findings/Results

Hole exit crack size decreased, as
the feed rate and thrust force
reduced too.

At the same thrust force, the
average crack size is smaller when

the spindle speed is higher.

33




Density (p)- | Tool detail: Least thrust force value and the
2490 Kg/m® Twisted drill tool of |exit crack size was 0.8 N and
tungsten carbide, Drill | 0.015 mm, respectively.

diameter (d) - 0.1, 0.2 & | Tensile stress plays a key role in

0.4 mm. crack propagation.

Back up plate installed. With back-up plates, lower tensile
stress has been observed near the
drill hole exit.

Singh et al. | Glass fiber | Machining detail: FEA model was established while

(2008) Reinforced Spindle speed (rpm) - 375, | considering Tsai  Wu failure
Plastics 938 & 1500, Feed rate | criteria in all directions.
Properties: (mm/rev) - 0.075,0.188 & | It was found that the direct
Tensile 0.300, Tool Point angles - | stresses and the shear stresses
modulus (GPa) | 90°, 104° &118°. were extreme at the hole edges.
- 48, Tool detail: It was mentioned that the amount
Poisson ratio - | HSS twist drill used of 6 | of damage at hole corners was
0.25 mm. 27 experiments was | reduced by implementing lower

performed. point angles.

Karim et | Soda-lime glass | Machining detail: As the feed rate and depth of cut

al. (2011) chemical Lubrication pressure | decreased, the required amount of
Properties: (MPa) - 0.4 to 1, Spindle | energy was declined. As a result, it

Density (g/cm®)
- 2.53, Young’s
modulus (Gpa)
- 74, Thermal
conductivity
(W/m*K) - 0.9
to 1.3.

speed (rpm) - 5000 to
20000, Feed
(mm/min) - 05 to 2,
Depth of cut (mm) - 0.25
to 1.

rate

Taguchi optimization

technique used.

reduced the cutting force and
generated smaller chipping size.

It was stated that the spindle speed

should be in optimum range
because it  influenced the
temperature and  considerably

influence cutting force, tool life,
and chipping.
It was found that the highest
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lubrication pressure i.e. 1MPa, the
utmost cutting speed i.e. 20000
feed
0.5mm/min and least depth of cut

rpm, least rate  i.e.
i.e. 0.25 mm are confirmed as best
parameter condition to get the

least chipping.

Baek et al. | Soda lime glass | Machining detail: USM technique used.

(2013) Ultrasonic frequency | Wax coated on the workpiece.
(KHz) - 20, Ultrasonic | The thickness of the wax-coated
amplitude (um) - 20, Feed | wax as 0.0, 0.3, 0.6, and 1.0 mm.
rate (pny'sec) - 10. Crack has been reduced in the
Tool detail: coated hole entrance chipping.
Tool diameter (mm) - 1.6, | Good surface quality using USM.
Flat end face tool shape.

Feucht et | Silicon carbide | Diamond impregnated | As compared to conventional

al. (2014) hollow tools used. drilling, 30% reduction in feed

force was noticed using USM.
Jiao et al. | CMC Machining detail: RUM technique used.
(2005) and Alumina Spindle speed (rps) - 50, | At high rate of spindle speed, the

Feed rate (mm/sec) - 0.09,
Ultrasonic frequency
(KHz) — 20 and Coolant
pressure (MPa) - 0.207.
Tool detail:

Metal bonded diamond
grain-based drill tool with
O.D. (9.54 mm) and 1.D.
(7.82 mm), respectively,

Grain mesh size- 140 to

chip thickness has been reduced.

It was mentioned that the cutting
force during RUM of alumina
specimen was 66 % lesser than
conventional drilling.

It was observed that the cracks in
the alumina specimen propagate
along a direction that is about 45°
from the workpiece surface and

accordingly generates chipping in
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170.

a brittle fracture mode.

The chipping of CMC panel has
been reduced by using sharp tools.
It was found that the best hole has
chip thickness of 0.35 mm and

chip size was less than 1 mm.

Li et al | Ceramic matrix | Machining detail: It was found that the cutting forces
(2005) composites Spindle speed (rps) - 50, | were decreased while drilling
(CMCQC) and | Feed rate (mm/sec) - 0.09, | CMC-1, CMC-2, and alumina
Alumina Coolant pressure (MPa) - | specimens i.e. 60 %, 40 %, and 60
0.207. %, respectively.
Tool detail: Metal removal rate (MRR) was 10
Diamond core drill tool, | % higher with RUM than CD.
Drills with O.D. and 1.D. | As the chip size and chip thickness
of 9.54 mm and 7.82 mm, | decreased, accordingly it produced
Abrasive mesh size - 140 | enhanced hole quality.
to 170.
Testing with and without
RUM.
Zeng et al. | Silicon carbide | Machining detail: The experimental study between
(2005) Depth of drilling - 1.5 | RUM and CD.

mm, Spindle speed (rpm)
-4000, Feed
(mm/sec)-0.09, Vibration
20,
Coolant pressure (KPa) —
276.

Tool detail:

Metal

rate

frequency (khz) -

bonded diamond

core drill tool, Outer

Wear of diamond grains on the
tool lateral face was insignificant
after 16 tests were performed.

It was suggested diamond grains
on the tool’s lateral face were
required in smaller quantities.

Grains wear at the edge of the
lateral face (close to the end face)

were dislodged.
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diameter (OD) - 9.6 mm,
Inner diameter (ID) - 7.8
mm, Grit mesh size - 100
to 120.

Abrasive pulled out phenomenon

occurs during RUM.

Ding et al. | C/SIC Machining detail: Experimental study between RUM
(2014) composites Spindle speed (rpm) - |and CD.
panel 10000, Vibration | Back-up plate used.
frequency (kHz) - 20 to | RUM reduced the drilling force
30.4. between 7.4 % to 23 %,
Tool detail: During RUM, higher quality of
Sintered diamond  core | holes was achieved with less tear.
drill with O.D. and 1.D. of
6 and 5 mm, respectively,
Grain mesh size — 126.
Liu et al. | Alumina oxide | Machining detail: Exit crack (um) 25.378 at
(2014) ceramic Spindle speed (rpm) - | optimized parametric condition.
3000, Ultrasonic | Also reduced tool wear.
frequency (kHz) - 40,
Amplitude (um) - 8.
Tool detail:
CVvD diamond coated
drill.
Lv et al | BK7glass Machining condition: Hole entrance chipping was
(2016) Properties: Spindle speed (rpm) - | evaluated.
Density, 4500 to 9000, Feed rate | It was mentioned that the increase
(g/cm®)-  2.52, | (mm/min) - 5, Amplitude | in spindle  speed noticeably
Young’s (um) - 2 to 5, Coolant- | expanded the abrasive trajectory

modulus (GPa)-
82,
ratio - 0.203

Poisson

Water based solution.
Tool detail:

Nickel bonded diamond

and reduced the periodic

fluctuation; as a result, it shrinks

the inhibitory effect of the lateral

37




drill tools with different

diameters.

crack propagation.
Consequently, the chipping width

was reduced.

Wang et al. | K9 optical Machining condition: It was mentioned that the chipping
(2016a) Glass (Young | Spindle speed (rpm) - |near hole corners of a brittle
modulus- 3000 to 6000, Feed rate | material occurred because of crack
85.9 GPa), (mm/sec) - 0.01 to 0.1, | propagation owing to cutting
Sapphire Amplitude (um) - 7 to 27. | force.
((Young Tool detail: It was revealed that the chip size
modulus- Electroplated hollow | achieves from RUD has been
478 GPa) diamond  tool  with | smaller than CD process.
thickness of 1 mm,
diamond grit size - 100.
Wang et al. | Quartz Glass Machining condition: Reduction in the size of cracks due
(2016¢) Properties: Ultrasonic spindle speed | to the special material removal
density= 2.2 | (rpm) — 8000, Power - 300 | mechanism was introduced.
g/cm3, elastic | W, Vibration frequency | During RUM, as the tool vibrates
modulus E =] (kHz) - 20, Amplitude | with some frequency, the tool’s
76.7 GPa, | (um) - 1 to 10. end face has not in continuous
Vickers Tool detail: contact with the specimen.
hardness Hv = | Electroplated ~ diamond | This type of impact reduced the
9.5 GPa, | core tool with OD of 5 | crack size while more micro-
Poisson’s ratio | mm and thickness of 0.5 | cracks have been generated
v=0.17 mm and abrasive mesh | whereas long cracks could reduce.
size - 126. The decline in cutting force leads
to decrease in cracks size during
RUD process.
Wang et al. | Quartz Glass Machining condition: The compound tool attains the
(2018a) Spindle speed (rpm) - | reduction in chip size near hole

3000 to 5000, Feed rate

exit by 60 % to 80 %.
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(mm/min)- 2 to 4,| The compound tool leads to
Ultrasonic frequency | reduction in chip size at the hole
(kHz)-40, Amplitude (um) | entrance by 35 % to 50 % owing
-8. to the shielding effect of residual
Tool detail: cracks which were created by the
A compound tool with | second outmost abrasives from the
step taper and common | tool’s taper face.

tool was used.

2.4 Industrial Visits and Observation

During the Industrial observation, it was noticed that the ceramic and glass industries are facing a
plethora of machining problems such as glass volume defects during machining or drilling, edge
chipping, cracking, moderate surface quality, surface roughness, etc. Therefore, some industrial
visits were planned to check the feasibility of the proposed work.
The following are the detail related to the visit to ceramic and glass based industries. These are:

e Asahi India Pvt. Ltd, Rewari, India

e GSC Glass, Greater Noida, India

e Nanda Glass, Noida, India

e Saint Gobain Glass, Bhiwadi, India
2.4.1 Asahi India Pvt. Ltd (AIS), Rewari, India

AIS group is established in 1984, AIS is India’s prominent integrated glass producer of all kinds
of glass and a leading competitor in the automotive and architectural glass value. It shares 70 %
Indian automotive glass market. It manufactures several classes of glass such as plain float glass,
tempered glass, tinted glass, reflective glass, solar glass, laminated glass, and bullet proof glass.
Specifically, AIS group deploy conventional diamond drilling, CNC diamond drilling, and
milling and water jet machining (WJM) processes to achieve various shape and sizes of hole,
slots, and contour. Fig. 2.9 represents CNC diamond drilling machine used to drill glass

specimen.
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Fig. 2.9: A picture of CNC diamond drilling machine
(Courtesy: Asahi India Pvt. Ltd)
The various kind of abrasive tools which are used during glass drilling is mentioned in Fig. 2.10.
Also, Fig. 2.11 and Fig. 2.12 represents the float glass workpiece with accepted as well as
rejected holes due to volume defects like cracking and chipping. If there were no hole inaccuracy

due to chipping or cracking, then these glass plates could be further functional in the building’s
infrastructure.

Stepper

Diamond coated diamond tool

abrasive

Fig. 2.10: Various kind of drill tool used during glass drilling
(Courtesy: Asahi India Pvt. Ltd)
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Fig. 2.11: A float glass workpiece drilled by diamond drilling
(Courtesy: Asahi India Pvt. Ltd

Chipping and
Cracking occur

Fig. 2.12: Float glass workpiece by water jet machining (WJM)
(Courtesy: Asahi India Pvt. Ltd)
Based upon the working experience on conventional drilling machine and water jet machine, it is
noticed that still, the percentage of precise hole accuracy is not optimum. Therefore, it is a brain
storming problem for the industries as well as for the researchers that during drilling operation

the chances of occurring of cracks and chips are significant.
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2.4.2 GSC Glass, Noida, India

GSC has been into architectural glass processing since 1978. It possesses wide range of glass
processing facilities using the most modern high tech machines and equipment. GSC
manufactured wide range glasses exemplify as heat strengthened glass, tinted glass, laminated
glass, insulated and tempered glass, etc. GSC supplies to numerous users for architectural,
automotive, domestic appliances, solar collectors, photovoltaic, luminaries, and displays, etc.
Fig. 2.13 mentions a CNC based water jet machine (WJM) and Fig. 2.14 shows a CNC double-
ended drilling machine. During drilling, cut-outs, and slot cutting operations, GSC has automatic
CNC double-ended drilling and milling machine, conventional diamond drilling and water jet
machining (WJM) processes to achieve various shapes and sizes of the hole, cut outs and
contour. Figures represent the water jet machine (WJM) and CNC double-ended drilling and

milling machine along with their drilled holes.

Fig. 2.13: CNC water jet machine Fig. 2.14: CNC double-ended drilling
(Courtesy: GSC GLASS Pvt. Ltd, Noida) machine (Courtesy: GSC GLASS Pvt. Ltd,
Noida)

Also, Fig. 2.15 shows a conventional diamond drilling machine courtesy GSC Glass, Noida,

India.
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Fig. 2.15: Conventional diamond drilling machine
(Courtesy: GSC GLASS Puvt. Ltd, Noida)
New and used abrasive coated type of drill tools were generally used in this company as shown
in Fig. 2.16 and Fig. 2.17, respectively. It is noticed that the tool wear could also be a concern to
investigate in further study. It is visualized that the abrasive particles are losing strength and
wear out over the tool periphery. One of the major applications of float glass specimen is Bajaj

gas stove (Fig. 2.18) on which drilling operation generally occurs.

Fig. 2.16: New diamond drill tool Fig. 2.17: Used diamond drill tool
(Courtesy: GSC GLASS Pvt. Ltd, Noida) (Courtesy: GSC GLASS Puvt. Ltd, Noida)
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Fig. 2.18: Glass plate used in Bajaj gas stove
(Courtesy: GSC GLASS Puvt. Ltd, Noida)
As per the quality regimes of GSC plant, volume defects related problems as cracking and
chipping (Fig. 2.19) are very common during drilling, cut off and slot cutting operation.

Rejection
due to
chipping

Rejection
due to
cracking

Fig. 2.19: Rejection due to cracking and chipping
(Courtesy: GSC GLASS Puvt. Ltd, Noida)

Hence, it should be the major concern to get rid of cracking and chipping that could decrease the

rejection that occurred during manufacturing.
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2.4.3 Nanda Glass, Noida, India

Nanda glass industries were founded in 1996. It supplied toughened glass to the appliances
industry of India as well as fulfilling the needs of the architectural, automotive, and commercial
sectors. Nanda plant is capable of processing mainly plain float glass, low E-glass, coated glass,
and patterned glass. Nanda industries have several conventional glass drilling machine, which
achieves various diameters and thicknesses of holes. Fig. 2.20 represents the glass drilling

machine along with their drilled holes.

Fig. 2.20: Conventional drilling machine

(Courtesy: Nanda Glass Pvt Itd., Noida)
Fig. 2.21 shows the float glass workpieces which could be used as lighting and optics glasses if it
is lack of irregularities. Yet again, similar drilling hole relevant volume defect problems

(cracking and chipping) were revealed.
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Fig. 2.21: A Float glass workpiece
(Courtesy: Nanda Glass Pvt Itd., Noida)
Also, the optimization of the machining parameter, while achieving refines surface quality is the

decisive concern for the Nanda glass Group.
2.5 Rejection Rate and Monetary Loss during Float Glass Drilling for the Industries

The given Table 2.2 contains the rejection rate of plain float glass for the three well-known glass
manufacturing industries during drilling operation by Conventional (Diamond drilling and Water
Jet Machining) methods. Although, this rejection rate data sheet may vary some time which
depends upon factors like diameter of hole, customer requirement regarding hole quality, types
of float glass etc. It was found that each float glass workpiece of dimension (I*b*h) 500*500*8
mm?>contain cost price of Rs 500 approximately. It means cost price of 100 float glass plates
would be Rs 50,000.

Monthly cost Estimation:

Total no. of days=30

Total shifts in 30 days= 80 shifts approx.

Cost price of 100 float glass plates= 100*500= Rs 50,000

Total cost price for each month= 80*50,000= Rs 4,000,000 = Rs 40 lakh approx.
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Table 2.2: Rejection rate and monetary loss of float glass during drilling operation
(Courtesy: Heads of respective companies)

Detail

Asahi India Pwvt.

Ltd., Rewari

Saint Gobain,
Gujarat

GSC Glass, Noida

No. of glass plates drilled
per shift (8 hours)

100

100

100

Total no. of holes

4 holes per plate

4 holes per plate

4 holes per plate

Total no. holes per shift 400 400 400

Rejection rate, If plate 5to8% 81012 % 6109 %

thickness varies from 3 to 8 Or Or Or

mm. 20-32 holes per 400 | 32-48 holes per 400 24-36 holes per
holes holes 400 holes

Monetary loss per shift (8 | Rs 2500 to 4000 Rs 4000 to 6000 Rs 3000 to 4500

hours), If plate thickness approx. approx. approx.

varies from 3 to 8 mm.

Monetary loss in 30 days of

the month, If plate Rs. 2,00,000 to Rs. 3,20,000 to Rs. 2,40,000 to

thickness varies from 3 to 8 3,20,000 4,80,000 3,60,000

mm.

Rejection rate, If plate 3to5% 3to8% 3to7%

thickness varies from 8 to Or Or Or

12 mm or more. 12-20 holes per 400 | 12-32 holes per 400 12-28 holes per
holes holes 400 holes

Monetary loss per shift (8| Rs 1500 to 2500 Rs 1500 to 4000 Rs 1500 to 3500

hours), If plate thickness approx. approx. approx.

varies from 8 to 12 mm or

more.

Monetary loss per shift (8
hours) in 30 days of month,
If plate thickness varies

from 8 to 12 mm.

Rs. 1,20,000 to
2,00,000.

Rs. 1,20,000 to
3,20,000

Rs. 1,20,000 to
2,80,000.
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After analyzing Table 2.2, it was found that the glass companies bear heavy monetary loss.

Because of poor hole quality during machining of glass. Therefore, this work intends to target

the reduction in hole entrance and exit chipping and correspondingly enhancing the hole quality

while using Rotary ultrasonic machining (RUM) technique.

2.6 Research Gaps

Based on the previous literature reported, the following research gaps can be postulated:

It is noticed that the limited studies have been taken place in which various shape, size,
and features of diamond drill tools were used in conventional diamond drilling (CD) and
Rotary ultrasonic machining (RUM).

Only few articles were focused on the comparison of drilling of float glass by CD and
RUM process considering the effect of input parameters such as spindle speed, feed rate,
vibration amplitude and tool diameter on hole quality.

Least number of articles was focused on quantification of chipping; therefore, more
elaborated examination is required for entrance and exit chipping with precise
characterization technique.

After conventional drilling (CD), the chipping size has been increased after tempering
process. Therefore, a study should be made regarding chip size evaluation after rotary
ultrasonic machining and to check its post processing consequences in form of chipping.
Limited FE analysis has been found related to the stress generation at hole exit during
rotary ultrasonic drilling of float glass.

Subsequently analyzing the literature gap and industrial visits, it can be concluded that
maximum work is done on the conventional diamond drilling and ultrasonic machining of
glass. Additionally, various glass industries (GSC glass pvt Itd. etc.) are still facing glass
machining (drilling) problems.

Although, few studies indicate the effect of non-conventional method or hybrid system used in

drilling or machining of glass, very few papers reports the accuracy of hole, hole quality and

damaged area on glass drilling. Keeping in mind the literature gap and industries real time

problem, the present work is focused on “Analysis of Hole Quality for Pre-Tempered Float

Glass while using Rotary Ultrasonic Machining”.
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2.7 Research Objectives

The following objectives will be addressed to the proposed problem:
e To investigate and analysis the influence of various process parameters on performance
characteristics of rotary ultrasonic machining (RUM) technique and process optimization.
e To evaluate the drilled hole quality and dimensional accuracy using Scanning electron
microscope (SEM), atomic force microscope (AFM), optical profilometer and coordinate
measuring machine (CMM).
e To compare the edge chipping reduction before and after tempering during conventional
drilling and rotary ultrasonic drilling.
e To finite element (FE) analysis of stress generation at hole exit during rotary ultrasonic
drilling of float glass.
2.8 Methodology

[ Title: Analysis of hole quality for pre-tempered float glass while using rotary ultrasonic machining ]

v
[ RUM set up, Float glass and Tool selection J
v v v
[ Multl—tooliexperlmentatlon } [ L18 experimentation ] [ FEA Analysis }
{Industrial Pararlneters) |
v !
Characterization tools:
Coordinate measuring machine ¥
. Profile projector [ Assumptit:nda'; Geometric ]
Microscope modeling
Surface roughness tester
Scanning electron microscope
v Y Y
Result outputs: Result outputs: Process optimization Simulation outputs:
Hole entrance chipping Hole entrance chipping Relationship between stress w. r. t.
Tool wear Hole exit chipping hole exit chipping

Surface roughness

Best toc.)I selecuian, for [ Optimum parameter selection for through hole ]
blind holes o

| ( Comparison of entrance chipping: Before & After tempering |

v v v
( Result analysis and Conclusion ]
v

[ Thesis writing and Paper publication ]
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2.9 Summary

In the chapter, several machining processes such as ultrasonic machining, laser beam machining,
conventional machining and water jet machining and rotary ultrasonic machining are discussed
while processing hard and brittle materials such as float glass, ceramics, quartz, and soda lime
glass, etc. It contains machining based issues that are still under investigation. These are hole exit
quality, chipping in glass, surface topography, damage portion analysis, cutting force, tool wear,
and surface roughness. Some glass industries visits have been carried out to check the feasibility
of the proposed work. The detailed observations of the industrial visits are explained precisely.
Research gaps and objectives of the work are described.
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CHAPTER 3: EXPERIMENTATION

Rotary ultrasonic machining is expected to give the best results for machining of hard and brittle
material. For the same reason, a rotary ultrasonic machining experimental setup is developed in
the present study to machine the float glass specimen. Experimental trials are performed for
achieving the proper industrial and real-time machining conditions.

3.1 Development of Rotary Ultrasonic Machining (RUM) Setup

Ultrasonic is a detailed branch of acoustics deals with the vibratory waves with a frequency
range of 20 kHz and vibration amplitude of 0 to 20 um. In this study, rotary ultrasonic machining
set up is developed. Fig. 3.1 describes the manufacturing of shank fitting as well as cover part of
piezoelectric transducer and booster by lathe machine. Consequently, the complete tool set up
could aid in machining hard and brittle workpiece specimen i.e. Float glass. In tool set up, the
cover part is made up of light weight Metalon nylon material. The key characteristics of grayish
nylon are good chemical and corrosion resistivity, elevated durability and high strength. As
shown in Fig. 3.2, Shank fitting is made up of aluminum alloy with 94 % of aluminum element
and other related alloys (copper, manganese and magnesium). The reason of choosing aluminum
alloy is to get adequate mechanical strength with low cost. Corrosion resistance is another
influencing factor of aluminum that is much needed for the Shank fitting. After selection of
materials, fabrication of RUM tool assembly has been done by turning, drilling, soldering, and
machining processes. Fig. 3.1 portrays the fabrication part of the tool set up.

Manufacturing of Fabrication of cover part of
RUM tool components shank fitting Transducer and booster

Fig. 3.1: Fabrication of RUM set up
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The RUM tool assembly further consists of a piezoelectric transducer, cover part of the
transducer and booster, shank fitting assembly, and the machining tool. For the smooth
conversion of electrical energy into mechanical energy (vibration), the piezoelectric transducer is
equipped in between the power generator and the tool-collet assembly. In the case of RUM tool
setup, horn acts as a tool holder as well as an amplifier. Fig. 3.2 illustrates (a) The 2-D view of
RUM tool, (b) 3-D view of RUM tool assembly.

(a) (b)
Shank fitting

2-D view of Coupling
RUD tool

Cathode (-)

P
Transducer <. © Copper strip

i\

Cover Part

Horn assembly Metalon Nylon

Aluminum —%

alloy \

Anode (+)

Collet

Mild steel
Hollow tool—
Hollow abrasive tool

Fig. 3.2: lllustration of experimental set up (a) 2-D view of RUM tool and float glass
specimen, (b) 3-D view of RUM tool assembly

The equipment used during fitting and manufacturing of set up is the ultrasonic power generator
unit, CNC machine controller unit (MCU), coolant arrangement, glass holding fixture, and rotary
ultrasonic machining (RUM) tool assembly. The ultrasonic power generator unit and piezo-
electric transducer are outsourced. The machine controller unit (MCU) and coolant arrangement
are auto fitted in CNC milling machine as shown in Fig. 3.3. A CNC milling machine is
modified into RUM machine by fixing the attachments over it.

During RUM, the generator produces 20 kHz of high-frequency electrical energy. This electrical
energy is converted into mechanical vibration using a piezoelectric transducer (Hu et al. (2017)).
The mechanical vibrations are being transmitted towards horn assembly. These are focused and

amplified further with the help of horn, to the required intensity for driving the tool which is
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attached to the spindle. This set up is mounted on the CNC vertical milling machine for the tool

rotation. Set up has spindle rotational capacity of 60 to 6000 rpm.

B 4 i
\ .| | Ultrasonic power CNC machine

E generator unit controller unit

bt

RUD tool
assembly

Piezo-electric
Transducer

Diamond Glass holding
abrasive tool fixture

Fig. 3.3: A schematic flow diagram shows the RUM experimental setup and equipment used for

generating blind and through holes

During conventional drilling (CD), the ultrasonic power supply is switched off. The spindle
rotational speed and tool feed rate are controlled by CNC machine panel controller. Also, a
coolant arrangement is installed on the machine for continuous feeding. Distilled water is used as
a coolant. After installing the experimental setup, the other working conditions i.e. workpiece

specimen, drill tool, and machining parameters are finalized.

3.2 Workpiece Detail
A float glass is deployed as a workpiece. The chemical ingredients of float glass are silica (60
%), soda ash (10 %), limestone (10 %), dolomite (10 %), salt cake (10 %), and cullet (glass
waste pieces). A rectangular glass of 148*84 with 5 mm thickness is used in the experimentation.
Table 3.1 mentions the mechanical properties of the float glass specimen.
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Table 3.1: Mechanical properties of the workpiece material
(Wang et al. (2017); Wang et al. (2018); www.makeitfrom.com)

S.no. Properties Value
1.

Density 2500 Kg/m
2 Compressive strength 212 MPa
3 Elastic modulus (Tensile) 70 GPa
4, Tensile strength (UTS) 50 MPa
6 Vickers hardness 4.59 MPa
7. Poisson’s ratio 0.23

3.3 Tool Detail

Table 3.2 mentioned the 5 tools which are selected for the experimentation work along with their
specification. During experimental trials, various shapes of solid and hollow abrasive coated
tools are applied for generating blind hole as represented in Fig. 3.4. To analyze the hole
entrance chipping and its corresponding tool wear, these 5 tools are used during trials. To create

blind hole application, best tool among all is suggested at the end of the study.

Table 3.2: Detail specifications of tools (Courtesy: GSC Glass Pvt. Ltd, Noida)

Tool Name Type Tool  Abrasive/ Tool Dimensio  Abrasive/grain
shank grain abrasive  ns (mm) coated method
material type mesh size
1 Pin pointed Solid EN31 Diamond 90-140 Max. Electroplating
Conical tool Dia.-7.94
Avg. Dia.-
3.97
2 Flat cylindrical Solid EN31 Diamond 90-140 Dia.-4.92  Electroplating
tool (Height > Length-12
Dia.)
3 Flat cylindrical Solid EN31 Diamond 90-140 Dia.-7.92  Electroplating
tool (Height < Length-4
Dia.)
4 Hollow Hollow EN31 Diamond 90-140 0.D-5.90 Electroplating
abrasive tool 1.D-4.21
5 Concave Solid EN31 Diamond 90-140 Dia.-9.94  Electroplating
circular tool

54



Tool 1 (T1): |[Tool 2(T2):| Tool 3{T3): | Tool 4(T4); | Tool 5(T5);
Pin pointed | Flat pointed | Flat pointed Hollow Concave
Conicaltool | Cylindrical Cylindrical abrasive | circulartool
tool (Height | tool {Height tool
> Dia.) < Dia.)

Fig. 3.4: List of tools used in experimentation

3.4 Experimentation Detalil

The experimentation detail is divided into three categories. In the first category, blind holes are
created using multi-shaped tools and blind hole samples are taken for analyzing the chipping at
the ‘hole entrance’ periphery. Correspondingly, the tool samples are also collected to analyze
and estimate the tool wear. In the second category, parameter optimization experiments are
performed to create through holes and then these hole samples are further carried out for
evaluation of chipping at the *hole entrance and exit’. To evaluate the chipping at the hole exit,
the machined rod is used to validate the exit chipping on the hole. The drilled hole internal
region’s surface roughness (R3) is also evaluated to improve the overall quality of the hole. In the
third category, conventional and rotary ultrasonic drilling experimentation is performed on pre-
tempered float glass to compare the entrance edge chipping reduction ‘before and after
tempering’. In the entire study, hole entrance chipping is measured as average radial chip
distance (RCD), hole exit chipping is quantified as maximum chip radial distance (CRD) and
maximum chip thickness (tc) in the horizontal and vertical direction, respectively. The existed
categories are explained in detail in the following section.

3.4.1 Multi-Shaped Tool Based Experimentation (For Blind Holes)
In this study, various shapes of solid and hollow abrasive coated tools are applied for generating
blind hole as represented in Fig. 3.5. Each tool generates 6 holes, out of which 3 were produced

with CD and the rest of 3 were with RUD to get more accurate and precise results. So in total 30
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blind holes are achieved. As in Fig. 3.2, Tool 1 has an average diameter of 3.97 mm, and the
maximum diameter is 7.94 mm. Tool 2 and Tool 3 both are named as flat cylindrical tools. The
difference between them elaborated as: Tool 2 has a larger height (12 mm) than the diameter
(4.92 mm), whereas Tool 3 has a larger diameter (7.92 mm) than the height (4 mm). Hence, both
the tools have dissimilar lateral heights and diametrical endings. Subsequently, it could be
chances of variation in the outcomes (in form of chipping and tool wear).

The parameters applied by glass industries are used in this experimental study. Based on
industrial application and its working conditions following parameters are kept constant during
blind drilling of float glass specimen by rotary ultrasonic machining. All the parameters will be
the same during conventional drilling (CD) except the vibration frequency and amplitude. The
vibration will be turned off during CD. Table 3.3 shows the machining conditions which are
followed by experimentation trials.

Table 3.3: Illustration of machining conditions

S.no. Parameter Value
1.

Spindle speed (S) 4500 rpm
2 Feed rate (f) 15 mm/min
3 Vibration frequency (F) 20 KHz
4, Vibration amplitude (A) 20 pm
5 Coolant type (c) Distill water
6 Tool’s abrasive type Diamond

After outfitted all the working conditions and essential factors (such as tool and workpiece), the
fabrication of blind holes is initiated. The whole process of hole creation is completed in a
sequence of using multiple tools. The depth of drilling is considered as 3 mm. Later, the blind
hole and used tool samples are further taken for analysis and estimation. For this case study,
machining time (theoretically) is expected to be constant for each tool. The machining time (T,)
is estimated as 12 seconds using Tpm= L/f; for all the cases. Where, L = length/depth of hole (3
mm), feed rate (f;) is 0.25 mm/sec. All the tool wear studies have also been reported at constant

machining time.
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3.4.2 Parameter Optimization Experimentation (For Through Holes)

In another experimental case study, the Taguchi optimization technique is used that could
optimize the input process parameters. Itis the robust design technique that is widely used to
improve the processing quality, reduce the number of experiments, minimize the processing
variation and maintenance and promote the quality stability. The primary goal of Taguchi
technique is to keep the variance in the output very low even in the presence of noise inputs.
Therefore, Taguchi is stated as one of the most appropriate design for parameter optimization.
Here, an L18 orthogonal array has been carried out. Based on the industrial requirement and
experimental setup capability, the process variables which are opted for the experimental study
are: 1. Spindle speed (S); 2. Ultrasonic amplitude (A); 3. Feed rate (f). Table 3.4 shows the three
levels of process variables considered during the study. A software package ‘Minitab’ is used to
create a random test arrangement and aided in experimental processing. Based on objective i.e.
to minimize the chipping, a ‘smaller-the-better’ condition is used here to estimate the responses
and transformed into a signal-to-noise (S/N) ratio. Fig. 3.5 illustrates the specimen samples
included (a) Front side (b) Back side and (c) Machined rod.

Chipping at
hole exit

Negligible chipping
at entrance of hole

(a)

Depth of chipping same as
thickness of chipping in machined rod

Fig. 3.5: Hlustration of the specimen samples included (a) Front side (b) Back side and (c)
Machined rod
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To get the precise results and account for the unavoidable discrepancy, at each condition three
holes are drilled, which compile 54 sets of trials. The samples were then characterized for
chipping and average surface roughness at hole proximity at three locations i.e. at hole entrance,
hole exit, and hole internal drilled region.

Table 3.4: Three levels of process factors/variables

S.no. Control factors/variables Low level Medium Level  High level
1. Spindle speed (rpm) 3000 4000 5000

2 Amplitude (um) 0 10 20

3 Feed rate (mm/min) 6 12 18

These result responses are furthers described as: a) Radial chip distance (Average) at hole
entrance; b) Chip radial distance (Maximum) at hole exit; c) Chip thickness (Maximum) at hole
exit; d) Average surface roughness at the internal drilled region of float glass specimen. The
same has already been explained in Section 1.4.2 using Fig. 1.11, 1.12 and Fig. 1.13.

3.4.3 Effect of Tempering on Float Glass Experimentation

In this experimental case study, the prime concern is to compare the edge chipping size (at hole
entrance) before and after the tempering process. In industries, all the primary operations like
cutting, drilling and machining are performed on a pre-tempered float glass as tempered float
glass. After creating the desired hole or machined surface, finally tempering process has been
carried out. The optimized parametric combination which is estimated after performing L18
experimental runs is further deployed in this experimental case study. The parametric
combination is in form of spindle speed (S), feed rate (f), vibration frequency (F), and amplitude
(A). Added, the hollow abrasive coated tool is used to drill the hole of 5 mm depth. Fig. 3.6
illustrates the complete glass tempering furnace which includes a personal computer (PC),
control panel, furnace bench, and drilled hole samples.

In this case study, 10 experimental trials are performed. Out of them, 5 are created by CD
process and the remaining 5 are drilled by RUM set up at optimized parameter. Later, these
drilled hole samples have been taken for the entrance chipping characterization and analysis on
both the conditions i.e. (a) before tempering and, (b) after the tempering process. Because, after

the tempering process there is always increase in chipping, but the size of the chipping should
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not exceed the certain limit up to which the workpiece is not considered as rejected. Hence, the
effect of tempering on edge chipping is estimated.

Personal computer Glass Tempering Furnace
-

|

Drilled hole
Control Panel samples

Fig. 3.6: Complete glass tempering furnace
(Courtesy: ABS Toughened Glasses Pvt. Ltd. Pehowa, India)
Along with it, the change in radial chip distance (RCD) by conventional drilling (CD) and rotary
ultrasonic drilling (RUD) is also estimated precisely. For the same, a glass tempering furnace
(land glass) is used with the assistance from the company names as ‘ABS Toughened Glasses
Pvt. Ltd. Pehowa, India’. Table 3.5 illustrates the working parameters during tempering process.
Table 3.5: Illustration of working parameters during tempering process

Tempering working parameters Value(s)
1. Glass thickness 5mm
2. Workpiece load time 800 sec
3. Temperature range 690-680°c
4, Heating time set 200 sec
5. Oscillation speed range of furnace  35-100 mm/sec
6. Quenching time 25 sec
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During the float glass tempering process, working parameters specifically depend upon the
thickness of the workpiece which is to be tempered. All the above tempering parameters are
constant for 5 mm thickness of the workpiece samples.

3.5 Characterization

3.5.1 Hole Entrance and Exit Chipping

To evaluate the radial chip distance (RCD), chip radial distance (CRD) and chip thickness (tc),
scanning electron microscope (SEM), optical profilometer, digital microscope and coordinate
measuring machine (CMM) are used. Fig. 3.7 describes the scanning electron microscope (SEM)
device during samples examination. Fig. 3.8 portrays the digital microscope during sample

examination.

SEM Machine

Drilled hole sample

Machined rod
samples

Hollow tool
samples

Fig. 3.7: Description of scanning electron microscope (SEM) device during samples examination

Personal Computer

Digital Microscope

Sample image

Samples for evaluation

Fig. 3.8: Portray of the digital microscope during sample examination
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A Profile projector apparatus (Nikon V-10) with the least count of 0.01 pum is used to
characterize the chipping over the surface of blind holes. Also, the maximum, minimum, and
average radial distance of edge chipping is quantified. Fig. 3.9 (a) showing the actual way of
visualizing the chipping on the various blind hole. Fig. 3.9 (b) illustrates the instrument (Profile
projector) used to estimate the average radial chip distance.

Maximum radial chip distance

Ideal hole
diameter
Chips on hole
outer surface

(includes corner
chipping)
Minimum Radial chip

distance (RCD)
at hole entrance

(a)
Fig. 3.9: (a) Pictorial view of chipping on a blind hole, (b) Profile projector

As shown in Fig. 3.10, to get the appropriate measurement outcome, radial chip distance (RCD)
iIs measured at eight different points and then the average values of radial chip distance (at the
entrance) are obtained as described in Equation 1.

RCD (average) = (RCD1 + RCD, + RCD3+ RCD4+ RCDs+ RCDg+ RCD7+ RCDg)/8 (1)

In the same manner, all the radial chip distances are evaluated at different points and then their
average is calculated. Then, the obtained experimental average chipping values are further
considered for the optimization of parameters. Fig. 3.10 represents the amount of chipping on the
same hole using a digital microscope and Profile projector.

Coordinate measuring machine (Accurate 564 spectra) is used to examine the hole’s exit
chipping, where the removed machined rod is taken into consideration for analyzing exit
chipping of the hole. First time in the scientific world a coordinate measuring machine (CMM-
MH20i) is used to quantify the exit chipping through the machined rod. An improved study has
been carried out which compute and traces the height and radius of the conical shape which
encourages trying CMM for the chipping quantification (Prakasvudhisarn et al. (2004).
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Fig. 3.10: Representation of amount of chipping on the same hole using: (a) Digital microscope;
(b) Profile projector

CMM technique is based upon reverse engineering which compares the accuracy of various
shapes and size of workpiece’s profile. Its working is based upon stylus movement in which the
touch-trigger probes collected discrete points on the workpiece surface; this system obtains
enormous readings (errorless) of surface data that represent the shape of the sample. Several
sizes of the probe can also be equipped with the CMM as per the size of the workpiece. Fig. 3.11
illustrates the movement of ruby rod on the machined rod surface to quantify the volume of
chipping. As per availability, the least probe diameter of 0.5 mm and with a least count of 0.1
pm is installed.
Here, the machined/chip rod is used to validate the exit chipping on the hole. The reasons for
using the machined rod as a means of exit hole chipping as already explained in Section 1.4.2.2.
The CRD is derived as the difference between the exit radius of chip rod (R.) and the entrance
radius of chip rod (r¢) as shown in Equation 2.

CRD =R¢- I¢ )
The chip thickness (tc) is stated as the vertical distance between the chip initiation point where
the chipping propagates and the machined rod base point surface as in Fig. 3.11.
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Fig. 3.11: lllustration of the movement of ruby rod on machined rod surface to quantify the CRD
and t¢

Fig. 3.12 describes the entire CMM’s set up which includes elements probe system and stylus,
software connected PC and fixture. Fig. 3.13 and Fig. 3.14 depict the CMM graphical images
that contain complete curvature of the machined rod produced after drilling in which several
points are traced and the values at these points are deliberate in 2-D coordinates, which aided to
evaluate the entrance radius of chip rod (rc), exit radius of chip rod (R¢) and chip thickness (tc)
for each trial. Hence, CMM traced the position data based on geometrical data. These traces
generate better detailed information of the workpiece’s measuring surface.

As shown in Fig. 3.13, a view of the ideal chip rod and original chip rod are stated. Initially, in
tracing the values over the machined rod, troublesome related to irregular curve shape (represent
as dash line) are occurring near hole entrance edges, the reason is machined rod is not fixed
properly over the table. Also, owing to probe setting error, the round shapes are observed at the
entrance corners of the machined rod. The movement of probe in the narrow curvature is

complex to reach.
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Fig. 3.12: Description of CMM’s set up which includes: a) Complete CMM equipments; b)
Probe system and Stylus; ¢) Software connected PC; d) Fixture e) Machined rod

Deviation error is an additional hindrance that occurs during point’s tracing. It is observed that
the increase in the quantity of measuring points on machined rod specimen leads to decrease in
the deviation error.

In the case of Fig. 3.13, 16 discrete tracing points are considered. On another side, 22 tracing
points are estimated in Fig. 3.14 for better accuracy. Hence, later on, appropriate machined rod
shape is considered. As the machined rod size is too small, the diameter of the probe in CMM
itself is a barrier to trace the maximum points. Hence at the maximum 22 points were traced as

shown in Fig. 3.14.
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Fig. 3.14 describes the extended (represent as hash type) line at the bottom of CMM’s graph
which demonstrates the required “chipless’ rod shape. In Fig. 3.13, points A to B is depicted as
the maximum chip thickness (tc), and points B to C are depicted as the maximum chip radial
distance (CRD).

3.5.2 Tool wear
To evaluate the tool wear, weighing balance is used to weigh the different tools at various stages.
It is applied to evaluate the weight loss (in %) between fresh tool, used tool after rotary
ultrasonic machining (RUM), and conventional drilling (CD) process. After drilling blind holes
by conventional drilling (CD) and rotary ultrasonic machining, the digital microscope (Celestron
44302 deluxe) is used for observing the tool wear of various diamond tools. Fig. 3.15 illustrates
the equipments used in evaluating tool wear: (a) Weighing balance, (b) Digital microscope, and
(c) Personal computer (PC). To evaluate the tool wear, the digital microscope is equipped with a
personal computer and microscopic images are estimated at 3 different stages. These stages are:
fresh tool, after RUM and after CD. For all 5 tools, wear is evaluated at two portions (lateral
faces and end faces). A scanning electron microscope (SEM) is also used to observe the

microscopic structure of the multi-shaped tool as shown in Fig. 3.7.

(b}

Fig. 3.15: Illustration of the equipments used in evaluating tool wear: (a) Weighing balance, (b)
Digital microscope and (c) Personal computer (PC)
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3.5.3 Average Surface Roughness
To evaluate the average (avg.) surface roughness of the internal region of the drilled hole,
Mitutoyo surface roughness tester (Model: SJ 400) with a cut-off length of 0.25 mm is used. Fig.
3.16 illustrates the complete surface roughness tester including its parts. Avg. surface roughness
quantification has been carried out on four different points on the inner surface of the drilled
float glass hole specimen.

Sample evaluation

Sectioned
. sample

-

Fig. 3.16: Illustration of the complete surface roughness tester including its parts

Average surface roughness (R,) is measured by moving the stylus on the inner region of the float
glass samples parallel to its central axis. For the smaller size of the float glass samples, the
samples are sectioned into two pieces for the appropriate measurement.

3.6 Evaluation of Volume of Chipping

After a closer of the machined rod, it is visualized that using the measurements such as CRD and
tc, the volume of chipping can also quantify. It is revealed that the total volume of the machined
rod is equal to the volume of a cylinder plus the volume of a truncated cone. Fig. 3.17 depicts the
evaluation scheme of a machined rod with all its measurements. Therefore, volume of chipping
at hole exit is revealed as volume of truncated portion minus volume of cylinder portion (which
is situated inside truncated portion only). It is a novel attempt to show the extent of the chipping
at exit of the hole.
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Fig. 3.17: Schematic diagram of machined rod in 3-D including its measurements
VVolume of chipping = Volume of truncated portion — VVolume of cylinder portion (3)
Volume of truncated portion,

V,=(A+B+C) (4)
Ve = 3m(r? + .. R + R2)t, (5)
VVolume of cylinder portion,

Veyr =C (6)
Veyr = nrft, (7)

VVolume of chipping,

Ve=Vy=Veyy =(A+B+C) = (C) (8)
Ve 3112 + 1. Rc + Rt — mrit. 9)
Veerte [ (2 + 1. R, + R®) = 2] (10)
Where,

V.- Volume of chipping, mm?®
V- Vol. of truncated portion, mm®

Veyi - Volume of cylinder portion, mm?
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r. - Entrance radius of chip rod or Internal tool radius, mm

R, - Exit radius of chip rod, mm

t. - Chip thickness, mm

(R¢ - r¢) - Chip radial distance (CRD), mm

The response result is consists of two sub responses, these are: a) Chip radial distance (CRD),
(maximum); b) Chip thickness (tc), (maximum). The values of chip radial distance (CRD), and
chip thickness (t;) are estimated using CMM in which at specific points on the machined rod, 2-
D values are traced constantly. On another hand, entrance radius of chip rod (r¢) is equivalent to
the internal tool radius. Hence, the volume of chipping at hole exit proximity could also be
evaluated using Equation no. 10. These obtained values could further considered for parameter

optimization.

3.7 Summary

The following summary is describing the experimental work performed for drilling the float
glass samples. The rotary ultrasonic machining experimental setup is developed to drill holes in
the float glass workpiece. There are 5 multi-shaped tools are used to create blind holes and 1
hollow abrasive coated tool is used for creating through hole. There are three categories of
experimentation are performed. Firstly, multi-shaped tools based experimentation are performed
for making blind hole and choosing the best tool among them for the least entrance hole
chipping. Correspondingly, the best tool while considering least wear has been carried out using
multi-shaped tools investigation. Secondly, the L18 experimental method is used to make
through hole so that chipping at hole entrance and exit are further analyzed to optimize the
parameters. Along with it, average surface roughness is also evaluated to enhance the overall
hole quality. Thirdly, conventional and rotary ultrasonic drilling experimentation are performed
on pre-tempered float glass at optimize parametric condition. Where, its prime concern is to
compare the hole entrance chipping size before and after tempering process. The characterization
techniques used for analysing the drilled hole quality such as coordinate measuring machine
(CMM), scanning electron microscope (SEM), optical microscope and profile projector,
weighing balance and surface roughness tester are used for measuring and computing the hole
quality and tool wear. Where, coordinate measuring machine (CMM) is a novel technique to use
for chipping evaluation at hole exit.
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CHAPTER 4: RESULTS AND DISCUSSION

This chapter contains the results and discussion related to the drilling of float glass specimen and

subsequently its outcome responses into six categories. In the first category, results related to the
effect of using multi-shaped tools while making blind hole on entrance chipping are analyzed. In
the second category, the effect on multi-shaped tool wear is discussed in which the tools’ end
and lateral faces are analyzed. In the third, fourth, and fifth category, Taguchi optimization
technique is performed in which effects of various parameters (i.e. spindle speed, feed rate, and
vibration amplitude) on hole entrance chipping, hole exit chipping, and hole internal surface
roughness (avg.) region are elaborated, respectively. In the last category, the comparison
between the hole entrance chipping near hole edges before and after the tempering process has
been carried out.

4.1 Effect of Multi-Shaped Tools on Entrance Chipping during Blind Hole

During the drilling process using various multi-shape tools, it is noticed that the tool surface
(face) area that is initially in contact with the surface area of float glass is considered as the most
effective cutting zone for the generation of stress. Where, the lesser stress concentration leads to
the minimum amount of chipping as well as cracking on the work sample. When the impact
forces are applied by the tool over the workpiece periphery, at that moment the micro-cracking
as well as chipping are propagated around the top edges of the work sample and consequently
dislocate the chips particle over the workpiece. Chipping and cracking are occurring by the high
tensile stresses in the sub-surface region (Jiao et al. (2005)). Because it is reported that the float
glass material having the compressive strength of 212 MPa, that is much better than the tensile
strength (50 MPa) (Wang et al. (2018)). Therefore, major concern while drilling is to reduce the
stress value up to the tensile strength of the workpiece sample, where the chippings nearby edges
were assumed to be initiated (Xu et al. (2014)). It is expected that the maximum amount of
tensile stress was generated at 30° axis on both sides of the impact axis (Ghahramani and Wang
(2001)). In the case of multi-shape tools, the angle of impact on the workpiece surface varies,
consequently, it could affect the chipping quantity. It could be possible that chipping could be
diminished by using sharp tools (Jiao et al. (2005)), because, the rolling action and angle of

penetration of the tool’s abrasive are contributed to the chipping over hole periphery.
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Float glass specimen undertakes to combine the effect of tensile stress and shear stress during
drilling process that effects the chipping measurement. Hence, as the stress propagation reduced,
the chances of chip formation also decreased (Ding et al. (2014)). It was stated that shear force is
always maximum at the outer region and minimum or negligible near neutral axis. Also, in a
research study, it was mentioned that the maximum amount of shear stress was observed at 45°
from the axis where the impact force happened. The reason behind the occurrence of chipping in
each tool case is described as follows.
4.1.1 Pinpointed conical tool: Tool 1

In this case, tool tip firstly touches the float glass sample with some impact and the tensile forces
which are not equally distributed. Because it is acted on a single point, where the initial angle of
contact is larger (near about 60°) which leads to an increase in tensile and shear stresses and
reached its critical value (where the cracks, as well as chipping, starts to propagate drastically).
Fig. 4.1 depicts the criteria of drilling by the pinpointed conical tool. Fig. 4.2 (a) shows the
profile image of drilled hole after CD and Fig. 4.2 (b) represents the image of drilled hole after
RUD.

Tool tip

Point of contact between

) " . Floatglass
tool tip and work piece =

sample

Fig. 4.1: Criteria of drilling by the pinpointed conical tool

Radial
chipping

@ )

Fig. 4.2: Profilometer images of machined blind holes by the pinpointed conical tool (a) By

conventional drilling (CD) (b) By rotary ultrasonic drilling (RUD)
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Therefore, the angle of impact on the workpiece surface affects the chipping quantity
(Ghahramani and Wang (2001)). Hence, this tool creates a maximum of chipping, and the same
is also validated in a successive portion of this chapter. Hence, it seems that pin pointed conical

tool is not appropriate to drill hole with minimum chipping.
4.1.2 Flat cylindrical tool (Height > Dia.): Tool 2

In this type of tool, tool pressure exerted over the workpiece periphery is equivalent throughout
the contact surface. At the time of machining, the tool is perpendicular to the work sample which
is 90° angle of contact. Fig. 4.3 depicts the criteria of drilling by a flat cylindrical tool (Height >
Diameter). In the profile picture of Fig. 4.4 (a) and Fig. 4.4 (b), it was also noticed that
conventional drilling generating more chips in form RCD (the reason is explained in section
4.1.1.). In the case of CD, some rotational streaks are also visualized that reduce its hole quality.

Tool’s lateral
face 12 mm
Impact action

caused chipping

End face

Fig. 4.3: Criteria of drilling by a Flat cylindrical tool (Height > Diameter)

Lesser amount
of Chipping

Chips at outer
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Fig. 4.4: Images of machined blind holes by CD and RUD by a Flat cylindrical tool (Height >
Diameter) (a) Blind hole by CD (b) Blind hole by RUD
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The chipping is easily formed to the extreme edge of the tool owing to the uniform pressure of
the end face. Also, the chipping is suppressed by the end face in the middle and there is a free
contact of the abrasives at the extreme edge of the end face. Therefore, it is abrasive at the lateral
face of the tool which dominates the shearing mechanism at the outer periphery of the hole. That
could be the cause of extreme chipping (Malkin and Guo (1996)).

4.1.3 Flat cylindrical tool (Height < Diameter): Tool 3

For this kind of tool as in case of Tool 2, a similar trend of shearing action followed by tensile
action take place. In Tool 3, as the height of the tool is less than the diameter, the lesser tool’s
height means the lesser effective area in contact with the workpiece periphery for drilling that
plays a vital role to reduce a little bit of chipping than Tool 2. Where lesser effective cutting area
means less cutting stresses and it is expected a low rate of chipping. Fig. 4.5 illustrates the
criteria of drilling by a flat cylindrical tool (Height < Diameter). Fig. 4.6 (a) and Fig. 4.6 (b)
shows the chipping images of machined blind holes by CD and RUD by a Flat cylindrical tool
(Height < Diameter).

L 4m Tool end’s face
Chipping occur

at outer region w ‘

Fig. 4.5: Criteria of drilling by a Flat cylindrical tool (Height < Diameter)

V' (b)
Chipping at outer Lesser chipping
periphery of blind hole|  size thanCD

Fig. 4.6: Chipping images of machined blind holes by CD and RUD by a Flat cylindrical tool

(Height < Diameter) (a) Blind hole by CD (b) Blind hole by RUD
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Therefore, it shows a better result than Tool 1 and Tool 2. Yet, chipping is still occurring.
4.1.4 Hollow abrasive tool: Tool 4

Hollow tools are widely used in industries and researchers' work (Liu et al. (2014); Jiao et al.
(2005); Li et al. (2006)). It generates a lesser amount of shear stress as well as tensile stress,
because of their contact area. Fig. 4.7 represents the criteria of drilling by the hollow abrasive
tool. . The outer and inner regions shown in Fig. 4.8 (a) and Fig. 4.8 (b) is due to the hollow tool.
The thickness of the tool is predicted by the images as shown in Fig. 4.8 (b). The problem of chip

formation remains there.
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Fig. 4.7: Criteria of drilling by the hollow abrasive tool
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Fig. 4.8: Chipping images of machined blind holes by the hollow abrasive tool (a) Blind hole by
CD (b) Blind hole by RUD

In this case, less area is subjected to lesser cutting stresses and it is expected a low rate of

chipping there. It is usually round in shape from the tool end face
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4.1.5 Concave circular tool: Tool 5

In this technique, the grinding mechanism has played a crucial role in the formation of the hole.
Fig. 4.9 represents the criteria of drilling on float glass by the concave circular tool. Initially,
drilling occurred near the central region as visible in a first smaller ellipse (red dash) on the
workpiece sample. In this region, maximum tensile force and shear force occur. Afterward, as
the tool exerts pressure towards the workpiece, depth of cut keeps on increasing as noticeable in
the second largest ellipse (green round dot). Similarly, drilling takes place continuously up to the
size of tool diameter. Therefore, maximum of combined (tensile and shearing) action is not
reached to the outer region of the hole. Another reason is that the angle of contact between the
tool and workpiece region is near about 20° approx. which states that the maximum tensile stress
value point (i.e. 30%) is not reached (Malkin and Guo (1996)). Hence, the chipping is least in that
case. Fig. 4.10 shows the images of blind hole machined by the concave circular tool at two
conditions i.e. after CD and after RUD process.
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Fig. 4.9: Criteria of drilling by the concave circular tool
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Fig. 4.10: Profilometer images of blind hole machined by the concave circular tool (a) Blind hole

by CD (b) Blind hole by RUD
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In the concave shaped tool, shearing action is very significant. Whereas, float glass material has
more shearing strength which means chances of occurrence of the critical point (chipping) is
least. Therefore, concave shape tool is considered most efficient than other tools.

It is noticed after visualizing each profilometer image of all five tools; found that lesser radial
chip distance (RCD) is noticed by RUD as compare to CD. The reason is explained that during
RUD, the tool vibrates at some specific ultrasonic frequency; it is observed that the diamond
sintered on the end face of the drilling tool is not in continuous contact with the workpiece
(www.makeitfrom.com). During each vibration cycle, the diamond particles on the end face of
the tool penetrate the workpiece sample for a specific period. It means effective cutting time is
lesser in RUD than CD process (Wang et al. (2017a)). Hence, as per this mechanics, low
chipping is expected in case of RUD. During CD, abrasives over the tool are in constant contact
with an effective cutting surface of float glass sample, because there is no vibration generated
during drilling as in case of RUD. Hence the machining occurs by the action of direct shearing
and extrusion and it leads to more chipping over float glass periphery rather than RUD.

Hence, according to the tool shapes, each tool has its own path of drilling and effective contact
area which influences the chip formation and hole quality. Specifically, only in the case of pin
pointed tool, the effective contact area is concentrated only on a single point over the workpiece
and that impactful strike of the tool tip over the specimen leads to drastic incline in stresses over
the tool face. On another side, concave circular tool has a negligible effect of tensile stress. Only
the shearing action is a major cause of chipping that is negligible during RUD as compare to CD.
Also, stated that during CD, abrasives loaded over the tool periphery are in continuous contact
on the specimen’s drilled to be surface. As there is no simple harmonic motion of the abrasives,
the tool is only rotated and feeding in the direction of its axis with respect to the workpiece.
Hence, the cutting force is continuous throughout the process and machining occurs by the action
of direct shearing and extrusion leads to more chipping over float glass periphery. It is one of the
major reasons for hole chipping.

In rotary ultrasonic machining, the diamond abrasives electroplated over the hollow tool was
rotated at a high constant speed, and in the meantime, the tool also vibrates in simple harmonic
motion with an ultrasonic frequency (Lv et al. (2016). Coating thickness is taken as 1 mm for the
abrasive coated hollow tool. In RUM process, the abrasive impregnated over the tool end face is
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traveled in definite sinusoidal paths in the axis of the workpiece with some specific tool
revolution. Therefore, it exerts low tool pressure on the cutting periphery of the workpiece and
also provides lesser tool wear rate. That shows the mechanism behind the material removal
during drilling process.

The trajectory motion of the abrasive impregnated over the tool end face could be assumed as:

x = rsin(wt) (12)
y = rcos(wt) (13)
z = f,t + ASin(2nft) (14)

where x-y-z is the path followed by the abrasive in the directions, ® is the angular velocity in
radian per sec, t is the effective time in sec, r is the tool radius in mm, f; is the feed rate in
mm/min, A is the vibration amplitude in pm and f is the ultrasonic frequency in cps. As per

trajectory motion equations, the periodic oscillation of the abrasive trajectories is illustrated in
Fig. 4.11.
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Fig. 4.11: Schematic representation of the abrasive feeding motion with ultrasonic vibration
(Case of RUD process) and without ultrasonic vibration (Case of CD process

77



Hence, it is revealed that there is no continuous contact throughout machining (Feucht et al.
(2014)). Fig. 4.12 represents the abrasive feeding motion with and without ultrasonic vibration.
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Fig. 4.12: Representation of the abrasive feeding motion with and without ultrasonic vibration

Furthermore, low pressure owing to ultrasonic actuation over the tool help to resist the maximum
first principal stress to reach up to the ultimate tensile strength of the workpiece. Hence, as per

this mechanics, low chipping is expected during rotary ultrasonic drilling process.
4.1.6 Quantification of Entrance Chipping of Multi-Shaped Tools

Radial chip distance (RCD) is computed precisely on each hole, the outcome of maximum,
minimum and average RCD observed (according to section 3.6.1) while using different tools
with CD and RUD processes are shown in Table 4.1. Fig. 4.13 shows a comparative trend of
average RCD with respect to their corresponding tools by CD and RUD. During CD, it is cleared
by visualizing the bar chart that among all 5 tools, the pinpointed conical tool possessed the
highest average RCD i.e. 0.8125 mm.
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Table 4.1: Radial chip distance (RCD) for CD and RUD process by 5 tools

Types of Tool Maximum Maximum Avg. RCD Avg. RCD

/Minimum RCD /Minimum RCD for CD, (mm)  for
for CD, mm for RUD, mm mm RUD, mm
1. Pin pointed conical tool 1.387/0.238 0.803/0.182 0.8125 0.4925

2. Flat cylindrical tool 1.23/0.231 0.371/0.108 0.7305 0.2395
(Height > Dia.)

3. Flat cylindrical tool 1.195/0.182 0.344/0.098 0.6885 0.221
(Height < Dia.)

4. Hollow abrasive tool 1.115/0.150 0.407/0.102 0.6325 0.2545

5. Concave circular tool 0.745/0.138 0.208/0.021 0.4415 0.1145

The concave circular tool has creating lowest average RCD i.e. 0.4415 mm. A similar trend is
found during RUD process, highest average RCD by the pinpointed conical tool is 0.4925 mm

and the lowest average RCD is 0.1145 mm by the concave circular tool.
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T1-Pinpointed T2-Flatpointed T3-Flatpointed T4-Hollow T5-Concave
Conicaltool  Cylindrical tool Cylindrical tool  abrasive tool  pointed circular
(Height > Dia.) (Height <Dia.) tool

Type of Tools
Fig. 4.13: Comparative trend of RCD with respect to their corresponding tools by CD and RUD
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Hence, after analyzing profile images and trends of RCD, the following points are postulated.
These are: a) Blind holes produced during RUD possess lesser average RCD than CD b)
Sequence of descending order of average RCD with respect to different tools are:

T1>T2>T3>T4>T5 = Very high>High>Medium>Low>Very low

Hence, concave circular tool is found as the best tool among others particularly to get low
average RCD. Fig. 4.14 depicts the microscopic image of the best blind hole created by concave

circular tool during RUD.

_~ Chip less region

Fig. 4.14: Microscopic image of the blind hole created by concave circular tool
It is visualize that concave circular tool has possessed a negligible chipping amount near hole
corners. It can boost up the application of float glass material in the micro-electronics and energy
based industries.
4.2 Effect on Multi-Shaped Tool Wear during Blind Hole Drilling

All the five tools and its individual faces are observed in Fig. 4.15 and Fig. 4.16. Fig. 4.15
depicts the wear over the tool’s lateral face while creating blind holes in three stages: (a) Fresh
tool; (b) After RUD; (c) After CD. Fig. 4.16 illustrates the wear over tool’s end face in three
stages i.e. fresh tool, after RUD and after CD. Here, all the tool wear studies have been reported
at constant machining time. Although, more machining time leads to more tool wear. But, for the
present study machining time (theoretically) is expected to be constant for every cutting
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condition. Subsequently, machining time (Ty,) is estimated as 12.0 seconds using Tn,= L/f; for all
the cases. Where, L = length/depth of hole (3 mm), feed rate (f;) is 0.25 mm/sec.

For the diamond abrasive coated tools, wear occur because of three combined mechanisms such
as attrition wear, grain fracture, and bond fracture (Tsuwa (1964)). In case of attrition wear, a
combination of a cutting force and sliding force directly affects the formation of chips and
growth of wear flat. Maximum of tool’s distortion was noticed by attrition wear. Remaining
tool’s deformation is happened by the fracture within the grains and it removes abrasive
fragments. Some distortion also found by a bond fracture because of dislodging of abrasive

grains over tool surface.
4.2.1 Tool’s Lateral Face

The lateral face of the tool is not in direct contact with the machined to be surface. So, stress
concentration near this region is much lesser. There is a small amount of noticeable discrepancy
in the microstructure of the diamond grains on the tool lateral faces of 5 tools as prescribed in
Fig. 4.15. Some dislodging of grains could be visible at the corner of the tool (close to the end
face) as in case of Tool 5 (Fig.4.14). Correspondingly, length of the lateral face can be reduced
up to certain extent. Microscopic images are captured here, to validate the tool wear in CD and
RUD with respect to the unused tool. After examining the lateral face of all the tools, it was
found that grains are dislodged over the tool’s periphery, which is heavily visible in CD’s used
tool than RUD’s used tool. In case of tool 3, size of wear flat is more after CD as compare to
RUD. Flat is defined as the straight surface initiated over the face of the abrasive (like in a single
point cutting tool) by the action of feeding of tool towards the workpiece. Wear flat stated that
when the frictional forces increase drastically between the tool and workpiece interface and
significantly cause the surface damage. During RUD process, the contact between the tool and
workpiece is in discontinuity that permits the heat to dissipate rapidly. Later on, lesser generation
of friction and stresses take place as compare to CD process.
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TOOL 1: Pin pointed conical tool’s Lateral face
Growth of

Used by RUD
TOOL 2: Flat cylindrical tool’s Lateral face (Height > Dia.)

Distortion of
Lesser abrasive distortion Abrasive take place

Used by RUD Used by €D

TOOL 3: Flat cylindrical tool’s Lateral face (Height < Dia.)

Growth of wear flat

Used by RUD Used by CD

TOOL 4: Hollow abrasive tool’s Lateral face

Abrasive breakage

Used by RUD
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TOOL 5: Concave circular tool’s Lateral face

Least abrasive wear Dislodging of abrasive grains

Unused Used by RUD Used by CD

Fig. 4.15: Microscopic images of the lateral face of all the tools at three stages

Added, in case of the hollow abrasive tool (tool 4) and concave circular tool (tool 5), little
dissimilarity in the microstructure of diamond grains is noticed in microscopic images. Also, it is
observed that in most of the cases lateral face of the tool is not in direct contact with the
machined to be surface. So, stress concentration near this region is much lesser such as in
concave circular tool (tool 5). The reason for lesser stress generation at lateral face of the tool is
because of the occurrence of lesser cutting force that subsequently provides lesser tool wear (Jain
and Pandey (2016); Singh and Singhal (2015)). On a flip side, the lateral face of the pin-pointed
conical tool (tool 1) is continuously in contact with the machined surface. So, it could also

generate heavy chipping and cracking over the hole periphery.
4.2.2 Tool End Face

During drilling by the diamond abrasive coated tool, at the tool’s end face, few diamond grains
are dislodged and washed away after machining because of bond fracture action. Fig. 4.16
illustrates the end face of the tools in different stages. Some diamond grains were pulled out of
the metal bond prematurely, before completing their effective working lives. It was mentioned
that the impact force and high temperature leads to deterioration of the interfaces between
diamond grains and base metal bond. It will further lead to the occurrence of chipping over the
workpiece. Normally, wear at the tool end face occurs due to grain fracture (Li et al. (2006)).
More tool wear observed in CD than RUD (Zeng et al. (2005)). Hence, attrition wear dominates

in case of RUD followed by bond fracture wear.
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TOOL 1: Pin pointed conical tool’s end face

Fresh tool (No
breakage) Wear out abrasives

Wear flat occur due to
attrition wear

Unused Used by RUD Used by CD

TOOL 2: Flat cylindrical tool’s end face (Height > Dia.)

Abrasive breakage Wear flat happened

TOOL 3: Flat cylindrical tool’s end face {Height < Dia.)

Fresh tool with no distortion Initiation of bond breakage Diamond grains are dislocated

Unused Used by RUD Used by €D
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TOOL 4: Hollow abrasive tool’s end face

Initiation of bond

Abrasives wear out

Flat surface
generated

Unused Used by RUD Used by CD

TOOL 5: Concave circular tool’s end face

Deterioration of
diamond grains

Unused Used by RUD Used by CD
Fig. 4.16: Microscopic images of all tools’ end face surfaces at three stages. These are unused,
used by RUD, and used by CD

Flat cylindrical tools (tool 2 and tool 3) are showing deterioration of the diamond grains which is
caused by the impact force. This deterioration can also cause chipping and cracking over work
specimen.

Fig. 4.17 (a) represents the grain particles on tool face for a fresh tool. Abrasive distortion is
visualized on used tool periphery after drilling holes on float glass specimen by CD process as
shown in Fig. 4.17 (b). Fig. 4.18 (a) shows the image of the fresh face of hollow abrasive tool
and Fig. 4.18 (b) demonstrates the end face of the hollow tool which is showing the occurrence
of wear flat and grain fracture after creating 9 holes by RUD. By aiding these magnified images,
better understanding is achieved about tool wear for various aspects. It is noticed that during
drilling process the conical shape of the abrasive got tear apart. The reason behind the tearing
distortion of the abrasives is caused by impact action that leads to continuous increase in cutting
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temperature. Latterly, reduces its internal strength then the actual abrasive shape has started
changing and finally it becomes wear flat as shown in Fig. 4.18 (b). In the magnified image of
Fig. 4.18 (c), the dislodging of abrasives is noticed on the tool periphery. The reason is that the
abrasive dislodging is generally occurred because of weak bond strength between the tool’s
metal base and abrasive particle. Sometimes, during drilling process, the abrasive has been
dislodged over the tool face even starting the cutting operation because of its fragile bond

strength.

Abrasive distortion

Freshtool (No
_ abrasive wear) 1
P

N

(a) (b)

Fig. 4.17: lllustration of grain particles on tool face. (a) Fresh tool with no abrasive grain wear,

and (b) Used tool after performing CD process showing abrasive distortion

Grain fracture

Abrasive
dislodging

Fig. 4.18: Microscopic images showing tool wear with different magnification after drilling holes
by RUD process. (a) End face of Hollow abrasive tool. (b) Magnified image of hollow tool

depicting grain fracture. (c) Tool image showing abrasive dislodging
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4.2.3 Tool Wear Weight Analysis

In this study, to estimate the tool wear after RUM and CD processes, weight (in gm) of the 5
tools are computed. In Table 4.2, weight loss (in %) between the unused tool and used tool by
CD as well as an unused tool with respect to the used tool by RUM are evaluated.

Fig. 4.19 represents the comparison of weight loss (in %age) between new tool and CD tool as

well as new tool and RUM tool, respectively.

Table 4.2: Percentage change in weight loss between unused tool, used tool by CD and used tool

by RUM process

Tool Tool type | New Used Used tool | Weight Weight Weight loss
no. tool tool weight loss (in %) loss (in %) (in %)
weight weight  after between between between CD
(gm) after RUM(gm) | New tool New tool and RUM
CD and CD and RUM
(gm)
Tool 1 | Pin- 5772 |5.150 5.222 10.78 % | 9.53% 1.38 %
pointed
Conical
tool
Tool 2 | Flat 2.772 | 2.546 2.582 8.15% 6.85 % 1.39 %
cylindric
al  tool
(Height >
Dia.)
Tool 3 | Flat 2.238 | 2.085 2.132 6.84 % 4.74 % 2.20 %
cylindric
al  tool
(Height <
Dia.)
Tool 4 | Hollow 3.826 | 3.580 3.674 6.43 % 3.97 % 2.56 %
abrasive
tool
Tool 5 | Concave |2.234 |2.124 2.190 4.92 % 1.96 % 3.01 %
circular
tool
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Additionally, the highest percentage of weight is reduced in case of tool 1 by both CD and RUM
i.e. 10.78 % and 9.53 %, respectively. Correspondingly, tool 5 possessed a minimum percentage
of weight loss i.e. 4.92 % after CD and 1.96 % after RUM process, respectively.

Overall, in case of each tool, the RUM mode is showing lesser tool wear. It may be because, in
RUM process, the contact between the tool and workpiece is in discontinuity that permits the
heat to dissipate rapidly, and consequently, lesser generation of friction and stresses take place as

compare to CD process.

12% -
10.78% —&—Weight loss between New tool
10% - and €D tool
gg: =ii— Weight loss between New tool
c % and RUM tool
=
7
(o] 6% -
FE)
r 1.92%
D gy
2
2% 1.96%
0%

1-Pinpointed 2-Flatpointed 3-Flatpointed  4-Hollow 5-Concave
Conicaltool  Cylindricaltool Cylindricaltool abrasive tool pointed circular
(Height> Dia)) {Height < Dia.) tool
Tvpes of Tools
Fig. 4.19: Comparison of weight loss (in %age) between new tool and CD tool as well as new
tool and RUM tool

In RUM process, the tool vibrates at some ultrasonic frequency; where the diamond abrasives are
impregnated on the tool face which is not in continuous contact with the work specimen.
Through each vibration cycle, the abrasive particles on tool’s face are penetrated into the work
specimen for specific time duration. In CD process, impregnated abrasives over the tool face are
in continuous contact with an effective cutting surface of glass specimen, since there is no
vibration produced while drilling as in case of RUM. Hence, it revealed that the effective cutting
time is lesser during RUM process as compare to CD process. Consequently, RUM possessed

lower pressure on the tool and generates lesser tool wear amount.
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Hence, it is recommended that the tool’s lateral face should be optimum. Because the tool which
has smaller lateral face require less amount of diamond grains and it leads to lesser fabrication
cost. Subsequently, after analyzing the overall tools wear outcomes, it is investigated that the

tool conditions after RUM process is far superior to CD.

4.3 Effect of Various Parameters on Hole Entrance Chipping
The parameters such as spindle rotation speed (rpm), feed rate (mm/min), and vibration
amplitude (um) are the major factors on which hole entrance chipping is based. The radial chip
distance is quantified and visualized using profile projector and optical microscope. The effect of
these parameters on hole entrance’s RCD and the cause of its decrease or increase has been
explained in the section.

4.3.1 Effect of Spindle Rotational Speed, Feed Rate and Vibration Amplitude
According to Taguchi L18 optimization technique, the designed experiment matrix is mentioned
in Table 4.3. During optimization, the signal noise (S/N) ratio are estimated by considering three
conditions i.e. Larger-is-better, smaller-is-better condition and Nominal-the-best. Author has
proposed the smaller-is-better condition. The reason of choosing the smaller-is-better condition
is that the chipping is usually known as defects. These are undesirable characteristics whose
ideal value is zero. Hence, the suitable condition has been used to minimize the chipping size
(hole’s entrance and exit chipping). Hence, other conditions are not for the required outcome
factors. Table 4.3 represents the input factors (spindle speed, feed rate, and vibration amplitude)
along with response values of their respective mean and S/N ratio of average RCD values for
every designed trial. As per industrial requirement least chipping leads to better hole tolerance
limit and correspondingly nourish the surface characteristics of float glass. As in Table 4.3, RCD
readings are estimated three times at each drilling condition and then the average of its RCD is
computed and carried out for further study i.e. RCD (averagey = (RCD1 + RCD, + RCD3)/3.
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Table 4.3: Input and response values table for avg. RCD

Rotationa Amplit Feed rate Radial RCD, RCD; MEAN of S/N ratio

| Speed ude (mm®min)  chip Avg. radial of Avg.
(rpm) (um) distance chip radial chip
(RCDy) distance distance
1. 3000 0 6 0.91 095 093 0093 0.63034
2. 3000 10 12 0.99 098 097 0.98 0.17548
3. 3000 20 18 1.08 1.05 099 104 -0.34067
4. 4000 0 6 0.55 057 056 0.56 5.03624
5. 4000 10 12 0.67 062 063 0.64 3.87640
6. 4000 20 18 0.66 068 0.64 0.66 3.60912
7. 5000 10 6 0.50 046 045 047 6.55804
8. 5000 20 12 0.51 053 055 053 5.51448
9. 5000 0 18 0.60 057 060 0.59 4.58296
10. 3000 20 6 0.61 0.67 064 0.64 3.87640
11. 3000 0 12 1.14 118 113 115 -1.21396
12. 3000 10 18 1.24 126 125 125 -1.93820
13. 4000 10 6 0.59 055 0.60 0.58 4.73144
14. 4000 20 12 0.61 058 0.61 0.60 4.43697
15. 4000 0 18 1.350 1.350 1.347 1.349 -2.60024
16. 5000 20 6 0.424 0.427 0.424 0.425 7.43222
17. 5000 0 12 0.85 087 089 0.87 1.20961
18. 5000 10 18 0.86 086 083 0.85 0.63034

As per Fig. 4.20 of S/N graphs, it was observed that the spindle speed and amplitude have a
tremendous effect on average RCD. It is estimated that at the designed parameters of spindle
speed (4000 rpm), amplitude (O pm), and feed rate (18 mm/min), the maximum RCD is observed
i.e. 1.349 mm as in Table 4.3. Increase in spindle speed from S1 (3000 rpm) to S2 (5000 rpm)
and vibration amplitude from Al (0 pum) to A2 (20 pm) created a lesser rate of RCD as shown in
Fig. 4.20 and Fig. 4.21.
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Main Effects Plot for SN ratios
Data Means

Speed Amplitude Feed rate

Mean of SN ratios

0
3000 4000 5000 0 10 20 6 12 18

Signal-to-noise: Smaller is better

Fig.4.20: Response graph between the S/N ratio values with respect to spindle speed, vibration

amplitude and feed rate at hole entrance chipping for RCD

On another hand, it is noticed that as the value of feed rate declined from 18 mm/min to 6
mm/min, it would lead to decrease in RCD as represented in Fig. 4.20 and Fig. 4.21. It is stated
that during high spindle speed, the cutting load is distributed over more number of tool’s
abrasive particles, and the depth of cut per particle reduces. It fascinates the lowering of
extraction action and increasing the cutting (abrasion) action of the diamond particles on the
glass surface. That leads to lesser stress generation in the machining region which is the cause of
chip formation (Anwar et al. (2016)).

Main Effects Plot for Means
Data Means

Speed Amplitude Feed rate
10

Mean of Means

0.6

3000 4000 5000 0 10 20 6 12 18

Fig. 4.21: Response graph between the mean values with respect to spindle speed, vibration

amplitude and feed rate at the hole entrance chipping for RCD
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In Fig. 4.21, it is revealed that increase in feed rate leads to increase in chip size or vice versa. As
the selected workpiece ‘float glass’ has non-crystalline structure, hence the lesser feed rate
reduced the constant impact action which helps to resist in building stresses that carry out lesser
chipping. Vibration amplitude means the distance of contact between the workpiece and tool face
is discontinues. Since as the amplitude increased constantly, it is further created longer
discontinuity, which deliberates lesser impact on hole periphery and consequently lesser
chipping radial distance and thickness on hole entrance (Singh and Singhal (2016)). Another
reason is that during no ultrasonic vibration condition, it is complicated to circulate the water
coolant flow through drilling region that results as the generation of more heat and thermal
stresses and finally exaggerates the chipping quantity.

The Regression equation of radial chip distance has been reported as:

Radial Chip Distance (RCD) = 1.286 - 0.000186 (Spindle Rotational Speed) - 0.01255
(Vibration Amplitude) + 0.03064 (Feed rate)

For RCD, the value of coefficient of determination (R?) is noticed as 76.82 %. It reveals that
76.82 % of the data fit the regression model. Minitab displays the lack of fit test when the
response data contain replicates (multiple observations with identical input values). Replicates
represent "pure error" because only random variation can cause differences between the observed
response values. In this study no response data contain replicates. To check whether the model
accurately fits the data, P-value has been carried out to the significant level. Generally, P-value
significance level is works well up to 0.05. Table 4.4 illustrates that as per ANOVA for the S/N
ratio, all the input process parameters have a drastic effect on the average RCD i.e. (P < 0.05).

Table 4.4: Analysis of variance (ANOVA) for SN ratios for the average RCD

Degree of Sum of Variance F-ratio  P-value  Contribution
Freedom (DOF) squares (%)
(SS)
Spindle speed 2 57.21 28.603 12.34 0.002 31.31
Feed rate 2 23.93 11.967 5.16 0.026 33.13
Vibration 2 46.87 23.435 10.11 0.003 14.90
amplitude
Residual Error 11 25.49 2.318 20.65
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The least radial chip distance (avg.) i.e. 0.425 mm is noticed at spindle speed and amplitude of
5000 rpm and 20 pm, respectively with a feed rate of 6 mm/min as in Table 4.5. At the
optimized parameters as mention in Table 4.5, the best hole entrance picture is considered with

minimize the chipping amount in Fig. 4.22.

Designed experiment no. 7

Nullified amount - g
of chipping ‘ B
iy

Least chipping visualized
at outer region

Fig. 4.22: Hole chipping at entrance at optimized parameters

Table 4.5: Optimum parameters to get least RCD (average) at hole entrance

Process parameters Level Value
Spindle speed S3 5000 rpm
Feed rate F1 6 mm/min
Vibration amplitude A3 20 um
Outcome with least RCD 0.425 mm

4.4 Effect of Various Parameters on Hole Exit Chipping

After creating drilled hole as per parametric conditions by following the Taguchi L18
optimization technique, the hole exit quality is estimated by deploying a machined rod.
Machined rod is the best alternate to quantify chipping near hole exit region in form of chip
radial distance (CRD) and chip thickness (t;). Characterization techniques like coordinate
measuring machine (CMM), SEM and optical microscope are used to quantify and visualize the
chipping amount.
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4.4.1 Effect of Spindle Rotational Speed, Feed Rate and Vibration Amplitude

To analyze the effect of spindle rotational speed, feed rate, and vibration amplitude on hole exit
chipping, CMM technique is used. It helps to trace the points on the machined rod and determine
the chip radial distance (CRD) and chip thickness (t;). CMM traced the position data based on
geometrical data. These traces generate better detailed information of the workpiece’s measuring
surface. It gives an indication of the quantification of chipping and deviation from the true shape
of the hole at hole exit. The CMM pictures of machined rod illustrate the complete curvature of
rod created after drilling operation in which various points are considered and the values of these
points are quantified in 2-D coordinates. The procedure for making a numerical assessment of
the deviation of this trace is to note down the maximum horizontal distance and vertical distance
from the true shape of the rod. A trace produced by a CMM which is an amplified record of the
displacement of the stylus of the measuring instrument on different machined rods are depicted
in Fig. 4.23, 4.24 and 4.25.

As described in Fig. 4.23, initially problems related to the creation of irregular curve shape
(represent as a red color solid line) are occurring, the reasons are probe setting error, machined
rod setting up issue, and deviation error. It is noticed that the increase in measuring point’s
numbers on the workpiece sample leads to decrease in deviation error which is further concluded
as diminish result dispersion. As in Fig. 4.23, 16 discrete measuring points are considered.
Whereas in Fig. 4.24, and Fig. 4.25, measurement points increase up to 18 and 19 points,
respectively. Therefore, later on, appropriate machined rod shape is noted. Hence to make the
accurate formed path of machined rod sample is a significant task. The rectangular shape inset in
the machined rod (represent as dotted lines) is symbolized as the desired shape of the machined
rod as shown in Fig. 4.23.
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Fig. 4.23: Trace of a machined rod produce by CMM, Inset: Actual machined rod
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Fig. 4.24: CMM image: Machined rod generated by hollow diamond coated abrasive tool
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After overcoming, the setting problems such as machined rod attachment, error deviation, and
initial probe error, the machine rod curvature is quantified efficiently. Fig. 4.24 shows that the
height of rod is equal to the thickness of the workpiece (W/P) i.e. 5 mm, where; bottom corner
on each side represented as unwanted chipping. As shown in Fig. 4.24, the points B to C has
depicted the maximum CRD, and points A to C is reflecting the maximum t.. Hence, the
maximum CRD and maximum t. are estimated.

Similarly, Fig. 4.25 shows the unwanted t. and CRD in graphical form. In this case, maximum of
19 scanning points are considered which provide refine tracing values. Also, the extended
(represent as round dot type) line at the bottom of CMM’s graphs shows the required ‘chipless’
rod shape.
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Fig. 4.25: Machined rod illustrate the complete detail related to formation of chips at hole exit
The chipping amount evaluated on machined rods that are trace by CMM is taken into
microscopic consideration too. The images of the machined rod (Fig. 4.26) visualize the exit hole
chipping. It represents the chipping in both aspects; in the form of chip radial distance and chip

thickness. Fig. 4.26 demonstrates the various views of machined rods which are aided during
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CMM evaluation. In the same way, unwanted chipping at the hole’s exit is noticed, which varies
during each designed experimentation.

Top view of machined rod

Unwanted

Chip in ol
chipping

radial form

: ] e
Front view of machined rod Chip thickness

Chipping at the
hole’s exit

Fig. 4.26: Microscopic pictures of machined rod which is showing the top and front view
After getting hole exit’s chipping outcomes, parametric optimization takes place by a designed
matrix that estimated the signal noise (S/N) ratio and mean values by considering the smaller-is-
better trend. The input and result outcomes are notified as in Table 4.6, which is associated with
S/N ratio values and the mean values of maximum CRD and t; for every experiment trial. The
average values of maximum CRD and t. are estimated three times at each drilling condition to
get a precise outcome which is incorporated in Table 4.6. Fig. 4.27 and Fig. 4.28 represents the
response graphs between the S/N ratio and mean values with respect to spindle speed at hole exit
chipping for CRD, respectively. Fig. 4.29 and Fig. 4.30 represents the response graphs between
the S/N ratio and mean values with respect to spindle speed at hole exit chipping for t,
respectively.
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Table 4.6: Input and result table for maximum CRD and t; on the machined rod

Experi  Rotati Amplitu Feed rate Meanof S/Nratio Meanof S/N ratio

ment onal de (mm'min)  Max. of Max. Max. of Max.
no. Speed  (micron) chip chip chip chip
(rpm) radial radial thick. thick.
distance  distance (Exit) (Exit)
(mm) (mm)

1. 3000 O 6 1.200 -1.58362 1.010 -0.08643

2. 3000 10 12 1.330 -2.47703  1.290 -2.21179

3. 3000 20 18 1.240 -1.86843 1.320 -2.41148
4, 4000 O 6 0.990 0.08730  0.870 1.93820
5. 4000 10 12 0.996 0.03481  0.890 1.11035
6. 4000 20 18 1.100 -0.82785 0.900 0.53744
7. 5000 10 6 0.840 1.51441  0.590 4.43697
8. 5000 20 12 0.800 1.93820 0.580 4.73144
9. 5000 O 18 0.982 0.15777  0.905 1.72372
10. 3000 20 6 0.900 0.91515  0.910 0.81917
11. 3000 0 12 1.110 -0.90646 1.100 0.26457

12. 3000 10 18 1.300 -2.27887 1.020 -0.17200
13. 4000 10 6 0.980 0.17548  0.750 2.49877
14. 4000 20 12 1.070 -0.58768 0.770 0.44553

15. 4000 O 18 1.390 -2.86030 1.130 -1.06157
16. 5000 20 6 0.700 3.09804  0.550 5.19275
17. 5000 0 12 0.980 0.17548  0.820 1.72372
18. 5000 10 18 0.920 0.72424  0.800 1.93820
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Main Effects Plot for SN ratios
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Fig. 4.27: Response graph between the S/N ratio values with respect to spindle speed, vibration

amplitude and feed rate at hole exit chipping for CRD
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Fig. 4.28: Response graph between the mean values with respect to spindle speed, vibration
amplitude and feed rate at hole exit chipping for CRD
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Main Effects Plot for SN ratios
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Fig. 4.29: Response graph between the S/N ratio values with respect to spindle speed, vibration
amplitude and feed rate at hole exit chipping for t.
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Fig. 4.30: Response graph between the S/N ratio values with respect to spindle speed, vibration
amplitude and feed rate at hole exit chipping for t.

After analyzing the graphs (Fig. 4.27, Fig. 4.28, Fig. 4.29 and Fig. 4.30), it was found that as the
spindle speed increased from 3000 rpm to 5000 rpm, the overall chipping in form of CRD and t.
at hole exit is decreased. After investigating the finest parametric arrangement, it was revealed
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that the spindle rotation speed is the most influencing parameter among others (Wang et al.
(2016b)).

On a flip side, the increase in feed rate from F1 (6 mm/min) to F3 (18 mm/min) caused an
unwanted hike in chipping in form thickness and maximum radial distance as represented in Fig.
4.27 and 4.30. Because the lesser feed rate helps out in declining the constant impact action that
further aid to reduce the stresses, which subsequently decreased the overall chipping (Jiao et al.
(2005)). After visualizing Fig. 4.27 & Fig. 4.29, it is noticed that the increase in vibration
amplitude from A1l (0 um) to A2 (10 pum) and finally then A3 (20 pm) causes a reasonable
decline in CRD and t. too. Consequently, vibration amplitude shows somehow similar trend as in
case of spindle speed that chipping amount is reduced by increasing them. In the case of
vibration amplitude, the discontinuity produced during drilling is the key reason for lesser
chipping thickness and radial distance on the machined rod.

The Regression equation of chip radial distance has been reported as:

Chip Radial Distance (CRD) = 1.515 - 0.000155 (Spindle Rotational Speed) - 0.00702
(Vibration Amplitude) + 0.01836 (Feed rate)

The Regression equation of chip thickness (tc) has been considered as:

Chip thickness (t;) = 1.537 - 0.000200 (Spindle Rotational Speed) - 0.00671 (Vibration
Amplitude) + 0.01938 (Feed rate)

For CRD, the value of coefficient of determination (R?) is noticed as 80.62 %. It is stated that
80.62 % of the data has fitted with the regression model. In case of tc, the value of coefficient of
determination (R?) is reported as 84.54 %. It shows the 84.54 % of the data is fitted with
the regression model.

As per ANOVA tables of the S/N ratio, all the input source factors have a significant influence
on the maximum chip radial distance and thickness. Table 4.7 and Table 4.8 demonstrate the
value of P less than 5 % (P < 0.05).
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Table 4.7: Analysis of variance (ANOVA) for SN ratios for the maximum CRD

Source Degree of Sum of Variance F-ratio P-value Contribution
Freedom Squares (%)
(DOF) (SS)

Spindle speed 2 22.33 11.1649 21.88  0.000 51.56
Feed rate 2 10.402 5.2008 10.19 0.003 24.01
Vibration 2 4.963 2.4817 4.86 0.031 11.46
amplitude

Residual Error 11 5.612 0.5102 12.95

Table 4.8: Analysis of variance (ANOVA) for SN ratios for the maximum t

Degree of Sum of Variance F-ratio P-value | Contribution
Freedom Squares (%)
(DOF) (SS)
Spindle speed 2 47.712 23.8561 29.25  0.00 58.68
Feed rate 2 16.688 8.3438 10.23  0.003  20.52
Vibration 2 7.935 3.9676 4.86 0.031  9.75
amplitude
Residual Error 11 8.973 0.8157 11.0389

~ According to the response curves, it is revealed that the third level of rotational speed (S3), the
first level of feed rate (F1), and third level of vibration amplitude (T3) demonstrate the finest
parametric arrangement to get the lowest value of CRD. Table 4.9 shows the optimum
parameters to get the least value of CRD and t. at hole entrance.

Table 4.9: Optimum parameters to get least CRD at the hole entrance

Process parameters Level Value
Spindle speed S3 5000 rpm
Feed rate F1 6 mm/min
Vibration amplitude A3 20 um
Outcome with least CRD 0.70 mm

Outcome with least t. 0.55 mm
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The SEM images of the machined rod and backside view of drilled hole with different
magnifications are illustrated in Fig. 4.31. At optimized parametric conditions, while performing
experiments, least amount of chipping at hole exit is noticed.

i A

7/ Backside of Hole

4

SEI 15KV
SAI Labs, Thapa

Backside hole corner (b)

545 x50
G.Mourya
(c)

Fig. 4.31: (a) Microscopic images of the machined rod and backside view of drilled hole with
different magnifications (a) Machined rod (b) Hole back side with 20 x magnification (c) Hole

back side with 150 x magnification (d) Back side of hole with 20 x magnification

CRD and t; values at the optimize parameters are 0.700 mm and 0.550 mm, respectively which is
evaluated at the parameter of spindle speed (5000 rpm), vibration amplitude (20 pm), and feed
rate (6 mm/min). Fig. 4.31 shows the microscopic images of the machined rod and drilled hole
on which the least amount of chipping amount is estimated. Fig. 4.31 (b) depicts the back side
pictures of the hole and also notified the severe chipping nearby hole boundary. It visualizes the
formation of CRD on the chip rod. As shown in Fig. 4.31 (c), the abrasion marks are noticeably
observed on the backside corners of the hole periphery. Due to shearing and ploughing action,
heavy chipping is observed in Fig. 4.31 (d). These microstructure images are an attempt to check

the applicability of the measured chip sizes. The abrasives scratch marks lead to pits and cavities
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formation that will further propagate into CRD. The abrasive scratching depth is transformed
into t.. The lateral ploughing marks evoke the chip in length as CRD and depth as t; beyond the
hole periphery (Lv et al. (2016)). After analyzing the outcomes, it is implicit that the proper
combination of the factors (spindle speed, vibration amplitude, and feed rate) leads to decrease in
the chipping amount at utmost.

4.5 Effect of Various Parameters on Avg. Surface Roughness of Hole Internal Region

By following the Taguchi L18 optimization technique, the designed matrix of experiments is
described in Table 4.9. The input factors i.e. spindle speed; vibration amplitude and feed rate
along with response values of their respective mean and S/N ratio of average surface roughness
(Ra) values are predicted by considering smaller-is-better order. According to the requirement to
improve the surface characteristics of the float glass specimen, the smallest amount of surface
roughness at the internal region of the drilled hole leads to better hole quality.

Surface roughness (R,) readings are calculated four times at several positions axially parallel to
the direction of drill feed and then its average surface roughness value is estimated using:
Ra(average) = (Ra1+ Ra2+ Raz+ Ras) /4 as mention in Table 4.10.

Fig. 4.31 and Fig. 4.32 shows the response graph represents the S/N ratio for the spindle speed,
vibration amplitude, and feed rate at hole internal region for avg. surface roughness, respectively.
After visualizing the graphs (Fig. 4.32 and Fig. 4.33), it is noticed that increase in spindle speed
from 3000 rpm to 5000 rpm possessed decrease in avg. surface roughness (Ra). Whereas, feed
rate shows an opposite trend, and increase in feed rate from 6 mm/min to 18 mm/min would

increase the avg. surface roughness (R,) value.
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Table 4.10: Hlustration of input and response values table for surface roughness (average)

Exp. Rotational Amplitude Feed rate Mean of avg. S/N ratio of avg.

no. Speed (rpm)  (Um) (mm®min) surface roughness, surface roughness,
Ra (um) Ra (um)
1. 3000 0 6 2.20 -6.84845
2. 3000 10 12 191 -5.62067
3. 3000 20 18 2.47 -7.85394
4. 4000 0 6 1.53 -3.69383
S. 4000 10 12 1.45 -3.22736
6. 4000 20 18 1.48 -3.40523
7. 5000 10 6 1.12 -0.98436
8. 5000 20 12 1.15 -1.21396
9. 5000 0 18 1.30 -2.27887
10. 3000 20 6 1.84 -5.29636
11. 3000 0 12 2.24 -7.00496
12. 3000 10 18 2.32 -7.30976
13. 4000 10 6 1.35 -2.60668
14. 4000 20 12 1.38 -2.79758
15. 4000 0 18 1.58 -3.97314
16. 5000 20 6 1.09 -0.74853
17. 5000 0 12 1.19 -1.51094
18. 5000 10 18 1.24 -1.86843

Hence, it is clear that the combination of high spindle speed and low feed rate value would create
enhanced surface quality. The reason for better avg. surface roughness is that increase in spindle
speed with less feed rate would lead the diamond abrasive of the hollow tool to cut and shear the
holes’ internal machined region for a longer period, which reduced the surface roughness
(Mandegari and Behbahani (2013)). As shown in Fig. 4.32 and Fig. 4.33, it is stated that the
vibration amplitude influences the surface roughness of the machined region. It is found that, at

amplitude of 10 pm and 20 pum, the avg. surface roughness initiates decreasing.
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Main Effects Plot for SN ratios
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Fig. 4.32: Response graph represents the S/N ratio for the spindle speed, vibration

amplitude and feed rate at hole internal region for avg. surface roughness
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Fig. 4.33: Response graph represents the Mean data for the spindle speed, vibration

amplitude and feed rate at hole internal region for avg. surface roughness

Hence, it is reported that an increase in amplitude provides better hole quality. The Regression

equation of average surface roughness (R,) has been reported as:
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Average Surface roughness (R,) = 3.408 - 0.000491 (Spindle Rotational Speed) - 0.00525
(Vibration Amplitude) + 0.01750 (Feed rate)

For Surface roughness (R,) output response, the value of coefficient of determination (R?) is
found as 89.05 %. It represents that the 89.05 % of the data is fit with the regression model. For
checking the model that it fits fits the data accurately or not, the P-value has been carried out to
the significant level. Generally, a significance level is works well up to P < 0.05. As per the
ANOVA table of the S/N ratio, it is confirmed that all three input factors have a significant effect

on the avg. surface roughness. Table 4.11 illustrates the value of P less than 5 % (P < 0.05).

Table 4.11: Table illustrates the Analysis of Variance (ANOVA) for SN ratio for the avg. surface
roughness (Rz)

Source Degree of Sum of Variance F-ratio P-value Contribution
Freedom (DOF) squares (SS) (%)

Spindle speed 2 84.109 42.0544  203.43 0.000 58.42

Feed rate 2 1.649 0.8246 3.99 0.050 8.82

Vibration 2 4.004 2.0018 9.68 0.004 22.55

amplitude

Residual Error 11 2.274 0.2067

In Table 4.12, it is mentioned that the least avg. surface roughness (R,) i.e. 1.09 um is noticed at
spindle speed (5000 rpm), vibration amplitude (20 pum) and feed rate (6 mm/min). By selecting
this input parametric combination, the float glass specimen would attain better finishing that
could decrease the occurrence of fatigue failure at the time of functioning. Hence, it would
increase the life span and service span of float glass applications.

Table 4.12: Illustration of the optimum parameters to get the least avg. surface roughness

Process Parameters Level Value
Spindle speed S3 5000 rpm
Feed rate F1 6 mm/min
Vibration amplitude A3 20 pm
Outcome with least avg. surface roughness (Rz) 1.09 um
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Fig. 4.34 (a) and (b) depict the surface roughness profiles of the drilled holes on float glass
specimen. It is found that experiment no. 3 is generated maximum values of avg. surface
roughness i.e. arithmetical mean avg. surface roughness (R) is reached to 2.47 um, ten-point
mean roughness (R;) is 7.3 um and root mean square average roughness (Rq) value is 1.42 pm. In
the case of experiment no. 16, the avg. surface roughness values of hole on the specimen are
found as R, is 1.09 pm, R; is 7.3 um and Rq is 1.42 pm. As it is cleared that the profile with the
least roughness values is taking place by experiment no. 16, which is stated as the optimum

parametric combination.

Experiment no. 3

15.0

Ra=2.47um, Rz =12.7 pm,Rq =2.99um

-20.0

00 0.2 0.4 06 08 1.0 1.F
(a) mm)

Experiment no. 16

_ B0
E 60 + Ra=1.09 pm, Rz=7.3 ym,Rq :1.42 ym

-8.0 =

0.0 0.2 04 0.6 0.8 1.0 12
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Fig. 4.34: Surface roughness profiles of the internal drilled region of float glass specimen: (a)
Ilustration of experiment no 3 with maximum average surface roughness (R,), (b) Profile of
experiment no 16 with least average surface roughness (R,) at optimum parameters

Hence, to achieve the overall hole quality, the combination of hole’s side corners and inner
machined region are needed to be machined efficiently without drilling defects. Therefore, all the
process parameters are optimized to get the best of applications of float glass in the area of solar,
metrology, optical.
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4.6 Comparison of Edge Chipping Before and After Tempering Process during CD and
RUD

To get the appropriate measurement outcome, radial chip distance (RCD) is measured at eight
different points and then the average values of radial chip distance (at the entrance) are obtained
during CD and RUD processes. The detail procedure of measurement is as shown in Fig. 3.10.
Later on, same float glass samples are evaluated again after tempering process, so that changes
occurred on pre-tempered float glass and post tempered glass specimens is estimated precisely.
Fig. 4.35 shows the profile images of the drilled hole entrances by CD and RUD process at two
conditions i.e. before tempering and after tempering.
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Fig. 4.35: Profile images of drilled hole entrances by CD and RUD process at conditions i.e.
before and after tempering process
RCD obtained on pre-tempered drilled samples by their respective drilling processes (CD and
RUD), are again evaluated after tempering process, so that change in RCD after tempering
process is estimated. From previous results, it is found that holes created after RUM process has
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lesser amount of chipping than CD process. Table 4.13 represents the increase in RCD for CD

during ‘before tempering’ and ‘after tempering’. Table 4.14 represents the increase in RCD for

RUD during ‘before tempering’ and “after tempering’ process. As mentioned in section 3.4.3, 5

holes are drilled in each case (CD and RUD) for further analysis.

Table 4.13: Increase in RCD for CD: Before and after tempering process

Before tempering: After tempering: % increase in RCD

Radial chip distance RCD by CD, mm  (Edge chipping size)

(RCD) by CD, mm

Hole 1 1.46 1.99 36.301
Hole 2 1.35 1.92 42.222
Hole 3 1.17 1.67 42.735
Hole 4 1.24 1.86 50

Hole 5 1.29 1.93 49.612
RCDavg. by CD 1.302 1.874 43.93

Table 4.14: Increase in RCD for RUD: Before and after tempering process

Hole no.

Before tempering: After tempering: % increase in RCD

Radial chip distance RCD by RUD, mm (Edge chipping size)

(RCD) by CD, mm

Hole 6 0.87 1.23 41.37
Hole 7 0.92 1.26 36.95
Hole 8 0.785 1.14 45.22
Hole 9 0.75 111 48.00
Hole 10 0.82 1.18 43.90
RCDavg. by RUD 0.829 1.182 42.58

It is stated that radial chip distance (RCD) has smaller size during RUD process as compare to

CD at each hole, respectively. Table 4.15 illustrates the change in average RCD for CD and
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RUD and also describes the change in average RCD during “before tempering’ and ‘after
tempering process’.
Table 4.15: Percentage of increase in RCD before and after tempering process for CD and RUD

Condition After RUD %o decrease in RCD

by RUD w.r.t. CD
Before tempering: 1.302 0.829 36.32 %
Avg. radial chip
distance (RCD), mm

After tempering: 1.874 (Not acceptable) 1.182 (Acceptable) 36.92 %
Avg. radial chip

distance (RCD), mm

Increased in RCD (in %) 43.93 % 42.58 %

After drilling 5 holes each by CD and RUD process, the average RCD is noticed. It is examined
that before and after the tempering process, the average RCD during RUD process is smaller in
size than CD process. It is found that the value of RCD is 1.302 mm by CD and 0.829 mm by
RUD before the tempering process at a constant optimized parametric combination. On another
hand, after tempering process, the RCD is 1.874 mm by CD and 1.182 mm by RUD. As per the
industrial requirement for 5 mm thickness of float glass specimen, generally, the value of RCD
should be less than 1.5 mm after tempering process. So, the float glass specimen is further used
in different applications. Hence, it is only the initial RCD, obtained by the process on which
rejection of the component depends. Owing to the value of RCD is lesser than 1.5 mm by RUD
process as shown in Table 4.15. A rotary ultrasonic machining technique is recommendable to
generate to get fine hole quality. Therefore, a RUD technique is recommendable as it gives an
initial RCD of 0.829 mm before tempering which is almost 36.32 % lesser than CD process. An
attempt has been done on the present work just to show the effect of tempering on RCD with
both the processes.

It has been observed from Table 4.15 that increases in RCD for both the cases (i.e. RUD and
CD) are almost the same (42.58 % and 43.93 %, respectively) after tempering. It means
tempering process leads to an increase in radial chip distance (chipping size). During tempering
process, float glass is heated to a definite temperature range and afterward, rapid air cooling has
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been carried out to make thermally tempered glass. Consequently, the post-tempered float glass
specimen becomes extensively hard and it could generate severe internal stresses especially
nearby corners of the drilled hole. Hence, during tempering process, the float glass sample is
facing increase in temperature from room temperature to processing temperature up to 690°c.
Further, air blast pressure on the corners of drilled hole samples could cause more distortion
because it is the most sensitive section of the glass. Subsequently, the combined effect of
elevated temperature and high pressure creates some breakage as chipping due to changes in the
metallurgical behavior of the float glass material. Fig. 4.36 shows the micro-level picture of the

same drilled hole before and after the tempering process.

Before Tempering

After Tempering
; More Chipping

Negligible Chipping

(a) (b)

Fig. 4.36: Picture of drilled hole before and after tempering process during RUM process

Fig. 4.37 depicts the SEM images of the drilled hole samples which includes: (a) Drilled hole
with 16x magnification, (b) Hole corner of pre-tempered float glass with 50x magnification, and
(c) Hole corner of post-tempered float glass with 50x magnification. As represented in Fig. 4.36
and Fig. 4.37, it was noticed that pre-tempered float glass has negligible chipping near hole
entrance corner. On another side, post-tempered glass has possessed severe edge chipping which
is validating the presumption mentioned about the increase in edge chipping after tempering
process. Hence, during the drilling operation, it should be kept in mind that the chipping should

be as least as possible.
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Fig. 4.37: SEM images of the drilled hole of the float glass specimen which include: (a) Drilled

hole with 16x magnification; (b) Hole corner of pre-tempered float glass with 50x magnification;
(c) Hole corner of post-tempered float glass with 50x magnification

Also, if the chipping near machined corners is found after all the primary processes it could lead
to heavy monetary loss in from of operation cost, tempering cost, labor cost, time wastage,
human fatigue.

4.7 Summary

The following summary explains the results and discussions related to the formation of hole
chipping, hole internal machined region, and multi-shaped tool wear while drilling float glass
material using rotary ultrasonic machining (RUM) and conventional drilling. Effect of tempering
on drilled hole corner (entrance chipping) are also investigated.

Initially, the blind hole produced during RUD process, has possessed lesser radial chip distance
(RCD) than conventional drilling (CD). Also, the tool wear rate is smaller in quantity by RUD
process as compared to CD. Overall, Concave circular tool is found as the best tool among others
to get negligible chipping at hole entrance (RCD) with negligible tool wear. Secondly, the
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parametric effects on hole entrance, hole exit chipping, and hole internal machined region are
also elaborated while following the Taguchi L18 optimization technique. It is revealed that the
higher values of spindle speed and vibration amplitude and lower value of feed rate detected as
the best parametric arrangement to get the lowest value of radial chip distance (RCD), chip radial
distance (CRD), chip thickness (tc) and avg. surface roughness (R;) to achieve overall enhanced
hole quality. Lastly, during the float glass tempering process, the combined effect of elevated
temperature and high pressure creates some breakage (such as chipping) due to change in the
metallurgical behavior of the float glass material. Accordingly, before the tempering process; the
chipping amount should be as least as possible. Before the tempering process, it is found that the
value of RCD is 1.302 mm by conventional drilling and 0.829 mm by rotary ultrasonic drilling.
On another hand, after the tempering process, the RCD is 1.874 mm by CD and 1.182 mm by
RUD. Hence, as the RCD size is smaller after RUD process as compared to CD. Therefore, the

rotary ultrasonic machining technique is recommended to generate to get better hole quality.
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CHAPTER 5: FINITE ELEMENT ANALYSIS
OF FLOAT GLASS DRILLING

This chapter presented a FE analysis to investigate the effect of stress generation on hole exit

during rotary ultrasonic glass drilling (RUD) and conventional drilling (CD) of float glass. A
numerical model has been prepared in ANSYS APDL R 15.0. A relation between the von Mises
stress failure criterion and chipping produced at hole exit after float glass drilling has been
noticed. Simulation results analyze the reduction in stress generation after rotary ultrasonic
drilling as compare to CD of float glass specimen.

5.1 Assumption and Boundary Condition

A Finite element analysis has been performed in ANSYS APDL R 15.0. Mesh was generated
considering the SOLID quad 4 node 182 elements. A 2D static model has been prepared in
ANSYS APDL R 15.0. The float glass specimen model is prepared to evaluate the behavior
during the drilling process. The workpiece was modeled as a rectangle with measurements of
30*5 mm? with a rectangular recess (in form of the machined rod) as shown in Fig. 5.1. Float
glass material is assumed as pure isotropic in nature. The property of the float glass specimen

which is considered during modeling is mentioned in Table 3.1.

Fig. 5.1: Float glass specimen model

The following assumptions are made while the execution of simulation. These are:

e In the case of CD and RUD process, boundary conditions are imposed that the workpiece
is constrained from all (X-Y-Z) directions (Fig. 5.2) by using glass holding fixture
(experimentally too).

e The depth of drilling is assumed to reach up to 4.5 mm by hollow abrasive coated tool.
The specification of the hollow tool is mentioned in Table 3.2.

e A hollow abrasive tool is loaded in form of critical cutting force (F).

e Float glass material is isotropic in nature.
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e The von Mises stress failure criteria are expected to be an appropriate condition to
consider failure for isotropic materials.

5.2 Cutting Forces during Experimentation

To presume the tool is to be loaded in form of cutting force (F;) on float glass specimen,
experimentation is performed. The value of cutting force was measure using dynamometer
(Kistler Dynoware type 9272) during drilling by CD and RUD process, which is used as an input
condition in simulation. Cutting (dynamic) forces during both the conventional drilling & rotary
ultrasonic drilling processes has been made. As the direction of cutting force is steady in the z-
direction of a dynamometer, hence the force curve of Fz from Dyno Ware is considered as
driving force. Fig. 5.2 illustrates the cutting force with respect to time recorded during RUD and

CD process, which shows the maximum driving force.

30 Critical cutting

—a— Cutting force during CD | 7 force
—e— Cutting force during RUD|

254

20+

Cutting force during CD (N)

Time (sec)
Fig. 5.2: Obtaining of critical cutting force with respect to time by CD and RUD processes

After attaining a maximum position, the driving force decreases quickly to zero. This signifies
the initiation of chipping at hole exit. This maximum driving force was accordingly defined as
the critical cutting force. During RUD process, the critical cutting force reached to 25.85 N
approx. whereas, 28.20 N of critical cutting force is noticed in CD process. Finally, the cutting

force as an input parameter is further used in simulation work for both drilling process.
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5.3 VVon Mises Stress Failure Criterion

In the case of isotropic materials such as float glass, it is predicted that the chipping has been
propagating, when the maximum stress value satisfies the failure criterion. Hence, in this study;
von Mises stress failure criterion is applied (Nikumb et al. (2005)). According to this criterion,
chipping is assumed to propagate if 6>cy, where o is stated as maximum principle stress taken
from the FEA simulation, and o is defined as the ultimate tensile strength of the workpiece
material (Li et al. (2006)). The value of the ultimate tensile strength of the float glass specimen is
considered as 50 MPa (Khan and Haque (2007)). The von Mises equivalent stress (oyon) IS Stated
as:

— \/(61—62)2+(62—263)2+(61—63)2 (11)

O'VO“
Where, o1, 62, and o3 are principle stresses in x-y-z direction taken from the FEA simulation,
respectively. oy IS defined as the tensile strength of the workpiece material.
Hence, during the drilling process, as the value of principle stress would reach equal to and
above the ultimate tensile strength of float glass specimen, then chipping is considered as

initiated.

5.4 Geometrical Modeling and Mesh Design

A finite element analysis has been performed in ANSYS APDL R 15.0. Quadrilateral mesh has
generated considering the SOLID quad 4 node 182 elements with a mesh size of 0.5 mm. To
achieve the close comparison among the FE analysis and experimental measurements, the mesh
size of 0.5 mm has been taken. The mesh size was selected corresponding to the probe size
availability i.e. 0.5 mm as shown in Fig. 5.3. Total of 536 nodes and 99 elements are used in the
simulation. It is an explicit simulation study. Fig. 5.3 illustrates the Snapshot of the initial state of
the simulation model of the workpiece with hollow abrasive coated tool. It is showing that the
actual position of the force i.e. 4 mm from the left side of the workpiece.
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Fig. 5.3: Initial state of the simulation model of the workpiece with hollow abrasive coated tool
The elements are progressively considered on whole workpiece. Estimate boundary conditions
for the numerical analysis which emulate the phenomena in a real system with proper accuracy.
Fig. 5.4 shows the complete boundary condition and distributed axial force applied over the float
glass periphery. Here, it is represented by the front view and top view that the hollow tool

exerted axially distributed force that could lead the defects in form chipping.
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Fig. 5.4: Hlustration of boundary condition and distributed force applied over the float glass

periphery
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5.5 Simulation Results
5.5.1 Distribution of von Mises stress at hole exit during CD and RUD

Fig. 5.5 shows the 2-D distribution of the von Mises stress in the region of chipping propagate at
constant optimized parameters by CD. During CD, it is visualized that as the von Mises stress
value goes beyond the 50 MPa (i.e. ultimate tensile strength of the specimen), the deformation
has been carried out as chipping. The maximum von Mises stress value reaches up to 82.11 MPa.
Fig. 5.6 shows the 2-D distribution of von Mises stress in the region of chipping propagate at
hole exit for RUD process. Similarly, the maximum von Mises stress value is reported as 76.24
MPa.

— a— M| von Mises Stress
.12€E-12 18248.6 36497.3 54745.¢9 72994.5 {KN/m2)

9124.32 27372.9 45621.6 63870.2 8211

2-D Distribution of Von Mises Stress with node values during CD Process

Fig. 5.5: 2-D distribution of von Mises stress in the region of chipping propagate at hole exit for
CD process at constant optimized parameters
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Fig. 5.6: 2-D distribution of von Mises stress in the region of chipping propagates for RUD

It is found that near hole exit region, von Mises stress values reached above 50 MPa i.e. the
ultimate tensile strength of the float glass specimen. Similar trends are noticed in CMM graph
(Fig. 5.8 & Fig. 5.9) that the chipping propagation is visualized at hole exit region.

As it is cleared that the stress region and the chipping region occur on the same bottom portion of
the hole. Hence, there could be a relation between the overall chipping (CRD and t;) with respect

to von Mises stress during RUD and CD processes.

5.5.2 Stress Distribution at Chipping Initiated Region
To undertake the von Mises stress values at its corresponding nodes near to hole exit region, Fig.
5.7 (a) shows the left and right portion of the workpiece specimen. Selected nodes are shown in
boxes (Blue color) and out of them, 5 nodes from each portion are found to be exceeding in von

Mises stress values from the ultimate tensile strength of the specimen. In Fig. 5.7 (b), scatter plot
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illustrates the von Mises stress value which corresponds to the chipping initiated region on the
left portion of the hole. This indicates that the chipping is initiated in the same region, where the
stresses are above the specimen's tensile strength. An utmost, similar trend of von Mises stress
values would be noticed on the right region of chip initiation nodes because the critical force is
applied uniformly on float glass specimen (Wang et al. (2016). But for explanation purposes only
the left portion is considered as greater chipping/stress is formed in this region.
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Fig. 5.7: (a) Representation of selected nodes where VVon Mises stress could go beyond the
Workpiece’s tensile strength, (b) Scatter plot illustrates the value of Von Mises stress w.r.t. its

corresponding node number on left chipping initiated region
5.5.3 Relation between von Mises Stress and Hole Exit Chipping

For precise validation of simulation results (von Mises stress) with experimentation outcome
(chipping measurements), machined rod (Fig. 5.8 & Fig. 5.9) is taken under consideration to
validate the chipping near hole exit with respect to von Mises stress generation at the same
location. The cause of opting machined rod is to accurately quantify the chip radial distance

(CRD) and chip thickness (tc) on machined rod and consequently, predicted by the FE analysis in
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form of stress generation. A coordinate measuring machine (CMM) is taken to estimate the CRD
and t; through the machined rod. CMM diagram of machined rod which is drilled by CD process
is depicting the chipping (CRD and t;) measurements with its microscopic images of the
machined rod in front and top view (Fig. 5.8).
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Fig. 5.8: CMM diagram of machined rod which is drilled by CD process: Depicting of chipping
(CRD and t;) measurements with its microscopic images of the machined rod in front and top
view
CMM diagram (Fig. 5.8) shows the complete curvature of the machined rod which was formed
after drilling. 18 spots are traced and measured the values in form of 2-D coordinates. These
tracing points are helping out in measuring the CRD and t.. By tracing values from the CMM
graph during CD process, chip radial distance (CRD) and chip thickness (t.) is computed as 0.98
mm and 0.87 mm, respectively. Fig. 5.9 depicts the CMM image of machined rod which is
drilled by RUD process which is showing the chipping (CRD and t;) measurements. After RUD
process, chip radial distance (CRD) is 0.75 mm and chip thickness (tc) is 0.53 mm, which means

RUD has possessed smaller CRD and t. in size than CD.
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Fig. 5.9: CMM image of machined rod which is drilled by RUD process: Depicting of chipping
(CRD and t;) measurements

Fig. 5.10 portrays the left section of the machined rod which shows the trend of von Mises stress
distribution with respect to chipping at hole exit (a) During CD and (b) During RUD. After
noticing the machined rod section, it is revealed that the chip thickness (t) size directly depends
on the point where the chipping initiates; it is the point where the value of von Mises stress just
reached above ultimate tensile strength (i.e. 50 MPa). Whereas, chip radial distance (CRD) size
depends upon the chipping conclusion point (CCP). As chipping moves from chip initiation point
(CIP) to chipping conclusion point (CCP) the CRD increases and at this point the von Mises
stress value is maximum i.e. 82 MPa approx. Therefore, the chipping measurement is depending
on the stress values at a particular point. The chipping segment demonstrates the various stress
regions, where von Mises stress value is going beyond 50 MPa (Fig. 5.10).
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Fig. 5.10: Comparison between numerical and experimental results: Illustration of the left
portion of the machined rod shows the trend of von Mises stress distribution with respect to
chipping sizes (a) During CD (b) During RUD
During CD, chip radial distance (CRD) and chip thickness (t.) is approaching under the range of
54.74 MPato 82 MPa. In RUD, the range of von Mises stress region is coming under 50.77 MPa
to 76.16 MPa. Subsequently, it is found that 7.12 % decrease in von Mises stress has been
carried out using RUD as compare to CD. Similarly, decrease in CRD and decrease in t. are also
noticed as 4.43 % and 39.08 %, respectively using RUD process. Hence, it has been found that
(Fig. 5.10) the chipping and von Mises stress values are following a similar trend (Li et al.
(2005)). The reason of lesser value of maximum von Mises stress during RUD as compare to CD
is that during RUD, the tool is not in continuous contact with the specimen’s drilled to be
surface. As there is a simple harmonic motion has been taken place by the tool owing to the
vibration frequency. On another hand, during CD; the tool is continuously in contact with the

specimen’s periphery during drilling which provides more stress generation as compare to RUD
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process which is the crucial reason behind cutting force and chip initiation. Therefore, during
RUD proess low tool pressure has been exerts on the cutting periphery of the workpiece and also
provides lesser tool wear rate.

Hence, it is stated that von Mises stress distribution has a significant influence on the chip radial
distance (CRD) and chip thickness (tc). As the von Mises stress increased, it would lead to
increase in the overall chipping in both directions (horizontal as well as vertical) near hole exit
region. Overall, a fine agreement is achieved which helps to reduce the chipping at hole exit that

may amplify the utility of the float glass material.
5.6 Summary

The summary is drawn after developing the FE analysis which investigates the effect of stress
generation on hole exit during rotary ultrasonic glass drilling (RUD) and conventional drilling
(CD) of float glass specimen. It is noticed during FE analysis, the maximum von Mises stress
value is 82 MPa for conventional drilling (CD) and 76.16 MPa by rotary ultrasonic drilling
process, during drilling operation at the hole exit corner. Similarly, RUD has possessed smaller
CRD and t. in size than CD. It is found that 7.12 % decrease in von Mises stress has been carried
out using RUD as compare to CD. Similarly, decrease in chip radial distance (CRD) and
decrease in chip thickness (tc) are also noticed as 4.43 % and 39.08 %, respectively using RUD
process. Hence, it has been found that the chipping and von Mises stress values are following a

similar trend.
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CHAPTER 6: CONCLUSIONS AND SCOPE
OF FUTURE WORK

6.1 Conclusions

In this study, the multi-shaped tools are used to create blind holes by rotary ultrasonic machining
and conventional drilling. The concern is to selecting the best tool among all to get negligible
chipping at hole entrance along with the least tool wear. The influence of various process
parameters (such as: spindle speed, feed rate, vibration amplitude) during drilling of float glass
specimen by rotary ultrasonic machining (RUM) technique has been presented while considering
hole entrance, exit, and internal machined region quality. After optimization, the best parametric
combination is purposed to achieve the least amount of chipping near hole corners and the least
value of avg. surface roughness (Ra) at hole internal region. Also, the comparison between the
edge chipping near hole corners before and after the tempering process has been investigated.

A FE analysis based upon von Mises stress failure criterion has been established to investigate
the effect of stress generation on hole exit during rotary ultrasonic glass drilling and conventional
drilling of float glass. It is investigated there is a relation between the von Mises stress failure
criterion and chipping produced after conventional drilling (CD) and Rotary ultrasonic drilling
(RUD). A strategy to reduce the overall chipping (chip thickness and chip radial distance)
through monitoring the stress generation is proposed.

The following results as evidence showed that the present strategies would be competent and
capable to resolve the challenges like chipping produced during drilling and machining of hard
and brittle material i.e. float glass. Also, the machining characteristics such as avg. surface
roughness and tool wear are reported during rotary ultrasonic drilling. Based on the results
obtained from the present research work, the following conclusions have been drawn.

1. During blind hole drilling by multi-shaped tools, it is found that the tool which possessed
the lesser amount of combined stress (tensile or shear stress) because of their shape and
angle of contact, creates lesser chipping. It is noticed that according to the tool shapes,
each tool has its own path of drilling and effective contact area which influences the chip

formation and hole quality.
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During conventional drilling, the lowest and highest chipping size at the entrance is
0.4415 mm & 0.8125 mm by using a concave circular tool and pinpointed conical tool
respectively. The trends are same with Rotary Ultrasonic Drilling viz concave circular
tool has lowest chipping size (radial chip distance) i.e. 0.1145 mm, where the pinpointed
conical tool possessed the highest chipping (radial chip distance) i.e. 0.4925 mm.

. The blind holes results show that RUD process has attained minimum chipping as
compare to CD for all types of tools.

Concave circular tool possessed least overall (both lateral and end face) wear and Pin-
pointed conical tool have created the highest amount of total wear in both the cases (RUD
and CD). Added, the maximum amount of grain fracture and wear flat are noticed on the
end face of the tool during CD rather than RUM.

. The concave circular tool has possessed the least weight loss i.e. 4.92 % after CD and
1.96 % after RUM process.

For blind holes, concave circular tool is found as the best tool with the least values of
chipping and tool wear.

In case of through hole drilling, as the spindle speed and vibration amplitude increases,
the overall chipping and average surface roughness decreases. On the other hand, at
lower feed rate, least chipping has generated in both the cases (entrance and exit
chipping) with lesser surface roughness.

. The optimal values of RUD parameters for least amount of chipping (at entrance and exit
of the hole) and avg. surface roughness are concluded as:

Process parameters Level Value
Spindle speed S3 5000 rpm
Feed rate F1 6 mm/min
Vibration amplitude A3 20 um
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After optimizing the RUD parameters, the least amount of chipping (at entrance and exit

of the hole) and avg. surface roughness are concluded as:

Chipping at Chipping at  Max. chip thickness  Hole surface

hole entrance (mm)  hole exit(mm) at hole exit(mm) roughness (pm)

0.425 0.70 0.55 1.09

After the tempering process, the chipping amount at the entrance is reduced by 36.92 %
with RUD as compare to CD process.

The hole quality for pre-tempered float glass while using rotary ultrasonic machining is
enhanced as compared to conventional drilling.

During FE analysis, it is noticed that the maximum von Mises stress value is 82 MPa for
conventional drilling (CD) and 76.16 MPa by rotary ultrasonic drilling process at the hole

exit corner.

6.2 Scope of Future Work

The present work provides some outcomes to get the least amount of chipping which would be

used in the future to get high quality drilling or machining purposes. It can also help to boost up

the applications of the float glass. The following are the scopes of future work which could be

deployed in the future endeavor:

Using rotary ultrasonic machining on several other hard and brittle materials such as
zerodur and titanium which could be machined using above types of multi-shape tools.

In future work, tools with some other specifications could be used which have different
abrasive types, abrasive structure, bond, the shape of abrasives such as conical,
rectangular, spherical etc.

Various profile formation, slots cutting and thread formation could also take place using

rotary ultrasonic machining on glass material.
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