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Preface

The Mechatronics Department (Accredited by National Board of Accreditation, 
New Delhi, India) of the G H Patel College of Engineering and Technology, Gujarat, 
India arranged the 4th International Conference on Innovations in Automation 
and Mechatronics Engineering 2018, (ICIAME 2018) on 2–3 February 2018. This 
gathering was in continuation of the past effective three conferences ICIAME–2016, 
ICIAME–2014 and ICIAME–2013. The conference was financially supported by the 
All India Council of Technical Education (AICTE), New Delhi, India and Charutar 
Vidya Mandal (CVM), Gujarat. In this regard, the determination and peer-review 
of the papers has been finished thanks to the joint effort of the Scientific and 
Organizing Committees. It is believed that the outcomes of this conference will lead 
to solving several multidisciplinary issues in society.

The papers presented during the conference were based on Automation, 
Optimization, Computer Aided Design and Manufacturing, Nanotechnology, Solar 
Energy etc.

The keynote discourses were conveyed in ICIAME–2018 by Professor S.K.Saha 
of IIT Delhi on “Robotics and Automation in India” and by Dr. M.K.Gupta, 
Engineering Design and Analysis Group, Institute for Plasma Research (IPR), 
Gandhinagar, Gujarat, India on “Mechatronics Drivers in Research”.

We trust that the speakers and the representatives had a productive trade and 
engaged in dialogues on specialized and logical improvements and issues amid 
the gathering. We would like to thank all included individuals who enabled us to 
enhance the nature of the papers at high worldwide standard level. The organizing 
panel is especially appreciative to the Chairman, Charutar Vidya Mandal and All 
India Council for Technical Education (AICTE), New Delhi, for subsidizing the 
gathering. We would like to thank the Advisory committee members and commen-
tators for their unequalled help and delegates for their commitments to making this 
meeting an effective one.
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G H PATEL COLLEGE OF ENGINEERING AND TECHNOLOGY 
VALLABH VIDYANAGAR – 388120

Mechatronics Department

Vision

The department aims to educate students in global standards by way of impart-
ing the responsible, worthy, and exploratory approach, and thereby enabling them 
to face industrial challenges in the ever-changing technical era by providing a 
platform to learn and execute the multidisciplinary subjects with focus on Design, 
Control and Automation aspects.

Mission

To accomplish our vision of everlasting improvement, the Mechatronics 
Programme has the prime mission of providing a high-quality education with

Programme educational objectives

Programme educational objectives of the Mechatronics Department are best 
outlined in terms of goals for its graduates. Graduates from the Mechatronics 
Department will be:

M1. A curriculum that provides synergistic integration of engineering 
fundamentals with theory and applications.

M2. The faculty committed to offer their broad and practical experience that will 
promote professional growth and prepare students for a variety of engineering 
careers, graduate studies, and continuing education.

M3. Project experiences that build on fundamentals and develop innovative ideas 
for betterment of society.

M4. Interdisciplinary facilities and equipment that are readily accessible.
M5. An environment that is conducive to learning and encourages students from 

different genders and backgrounds.

PE01. Effective multidisciplinary engineers, well educated in the basic engineering 
sciences and fundamentals of mechanical, electrical, electronics and control 
engineering.

PE02. Capable of designing, analyzing, manufacturing and testing “smart” and 
“eco friendly” products with help of controllers, sensors and actuators to 
build a digital India.

PE03. Knowledgeable, good presenter, active team member, effective leader, 
individual responsible citizen and ambitious to secure high merit to make 
them employable.
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Programme outcomes

Mechatronics Programme graduates have the ability to:

1. Use knowledge of mathematics, science, and mechatronic engineering to 
frame and unravel problems.

2. Exhibit the knowledge of electrical and electronic circuits, control system, 
logic design and image processing using hardware and soft programming for 
automation.

3. Demonstrate the knowledge of statics, dynamics and solid mechanics related 
to Mechatronics systems.

4. Synthesize and analyze mechanisms which integrate computers, sensors, and 
actuators to meet the needs for evaluating system performance with respect to 
specifications.

5. Understand general engineering and production fundamentals by experimen-
tal studies.

6. Use of current industry / shop floor standard using various engineering tools.

7. Understand the fundamentals of management, optimization and current 
standards and developments on the front of quality assurance and reliability.

8. Converse technical matters efficiently in oral, written, and graphical form.

9. Function independently to prove their knowledge of multiple disciplines of 
engineering.

10. Understand their professional and ethical responsibilities, the impact of their 
activities on society and the environment, and appreciate contemporary issues 
facing society.

11. Use information resources and recognize the importance of continued 
learning.



1

Chapter

Effect of Variable Process 
Parameter on Ultimate Tensile 
Strength and Elongation of 
Aluminum Alloy AA7075 T6 
Welded Plate Joints
Vrajesh Patel, Tejas Chauhan and Nikul Patel

Abstract

Aluminum alloy is currently widely used for structural purposes because of 
its unique properties. In this research work, we weld aluminum alloy plates using 
FSW with different process variable parameters such as tool pin geometry, traverse 
speed, and tool rotating speed. Three types of FSW tool pin geometry (square pin, 
cylindrical straight pin and threaded straight cylindrical pin) and three different 
speeds (tool traverse speed and tool rotation speed) were selected. For analyzing 
the effect of process parameter, we carried out a tensile test to measure UTS along 
with elongation of the welded joint.

1. Introduction

In 1991, friction stir welding (FSW) was discovered by Thomas [1] and this is very 
useful for welding non-ferrous materials (for example, aluminum and magnesium) 
and this process solved many problems related to traditional welding techniques.

All industries associated with fabrication are under pressure to produce stronger 
and lighter products from metals whilst having lower energy consumption, less 
contamination of harmful material to the environment, producing at a low cost and 
producing faster than before. FSW is a solid-state joining process that requires less 
energy. Its mechanical process is able to produce high strength welding between dif-
ferent materials (similar and dissimilar) and it offers a possibly lower-cost solution, 
therefore solving the above challenges.

2. Literature survey

Hard and brittle stir zone (SZ) of welds obtained by polygonal pin geometry were 
compared to cylindrical pin geometry for equal shoulder bottom face [2]. The peak 
temperature during the welding process increased with an increase of tool speed and 
decreased with an increase in the welding speed for all shoulder diameters [3]. The 
welding process depends on heat generation and the heat is caused by friction between 
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the tool shoulder and the plate surface. High friction leads to high heat which lead to 
good welding (defect-free welding) using different variable welding process param-
eters [4]. Square pin tool geometry allows for better mechanical properties followed 
by hexagonal, octagonal pin tool profile [5]. Defects such as tunnel defect, cracks, 
pin holes, are due to unsuitable and inadequate flow of metal in the area [6]. The 
thermal cycle (hot to cold) is what increases the welding (mechanical) properties. Heat 
generation is strongly corelated to all post-weld mechanical properties [7]. Tensile 
strength (TS) of the dissimilar aluminum plates (AA6061-T651 plate) increases when 
heat input is lower and the good slurry from both the materials joined can be created at 
lower welding temperatures and higher tool rotating speeds [8]. Due to friction, heat 
generation occurred and plastic flow grain reordering occurred and the weld has been 
achieved [9]. When welding thermoplastic materials, it is found that the weld zone 
created using the threaded pin profile tool required less force. Square, triangular and 
grooved with square pin geometry created a defect-free weld with the same process 
variable parameter [10]. The overall response of mechanical properties is contingent 
on the ratio of the tool rotating speed to the tool travel speed [11]. Preheating of the 
plates is advantageous for refining the quality of the weld as well as an increase in the 
tool travel speed for material with a higher melting point such as steel [12].

3. Material and tool selection

3.1 Plate material

In this research work, we selected aluminum alloy AA7075 T6 plates for the 
experiments. The chemical composition of this material is shown in Table 1. The 
size of the plate for experiments 150 × 100 × 6 mm based on a literature survey and 
requirements of tensile test specimen as per the standards.

3.2 Tool material

For the joining of the aluminum alloy plate, the FSW tool was made from H13 
material. This is suitable for machining as well as having enough strength for 
FSW. The following (Tables 2 and 3) show the chemical composition and mechani-
cal properties of the plate material before welding. General dimensions for the FSW 
tool are shoulder diameter, length and pin length as 18, 25 and 5.8 mm respectively 
with pin diameter 6 mm. Three tool pin geometries were used [threaded straight 
cylindrical pin (TSCP), straight cylindrical pin (SCP) and square pin (SP)]. All these 
tools were made on conventional lathe machines at the GIDC, Vallabh Vidyanagar.

Element Cr V Mr Mo Si C Cu Ni P S

Content 
(%)

4.75–
5.50

0.80–
1.20

0.20–
0.50

1.10–
1.75

0.80–
1.20

0.32–
0.45

0.25 0.3 0.03 0.3

Table 2. 
Chemical composition of H13.

Element Al Zn Si Mg Cu Fe Mn Cr Ni Pb Ti

Percentage 89.7 5.78 0.05 Max 2.69 1.3 0.5 0.03 Max 0.2 0.01 0.01 0.06

Table 1. 
Chemical composition of plate material (according to ASTM E 8).
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4. Experiment

For experiment purpose, we select three tool rotation speed (710 rpm, 960 rpm, 
and 1400 rpm) and welding speed ranges from 60 to 140 mm/min based on lit-
erature survey. In this investigation, there are three variable parameters selected 
(and performed experiments based on different combination), and the remaining 
parameters are kept constant. All nine experiments were carried out to find the 
suitable parameter combination that gives high tensile strength at the joint. The 
process parameters for the eight experiments are shown in Table 4.

A conventional vertical milling machine was used to perform the experiments. 
Aluminum alloy plates were mounted on the machine work table with the help of 
a base plate, four clamps and nut screws that were tightened by spanner (shown in 
Figures 1 and 2). All experiments were carried out after setting the process param-
eter according to Table 4.

Element Density (lb./in3) Specific gravity Machinability

Content 0.280 7.75 65–70%

Table 3. 
Mechanical properties of H13.

Experiment no. Tool rotating speed (rpm) Welding speed (mm/min) FSW tool

1 1400 140 TSCP

2 960 90 TSCP

3 710 105 TSCP

4 1400 125 SCP

5 960 80 SCP

6 960 60 SCP

7 1400 85 SP

8 710 105 SP

Table 4. 
Variable process parameter.

Figure 1. 
Base plate and plate set-up.
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The test specimen for tensile test was cut from the welded plates as per the 
ASTM E-8 standard for 6 mm plate thickness for aluminum alloy. Overall length of 
the test specimen is 100 mm.

5. Result and discussion

Testing of the welded plates carried out as per the standard procedure for 
measuring ultimate tensile strength (UTS) and yield strength (YS). Figure 3 shows 
the specimen before the tensile test, which are cut from the welded plates. All the 
test specimens brokenearer to the weld zone, which is shown in Figures 4–6 and 
the results of the tensile specimen are shown in Table 5.

From the results of tensile testing, we can easily see that the UTS values obtained 
for the three different pin geometries are different. The results of the square pin 

Figure 2. 
Welding of Al alloy 7075 T6.

Figure 3. 
Tensile test specimen.

Figure 4. 
Tested specimen.
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and straight cylindrical pin gave better results compared to the threaded straight 
cylindrical pin. Material flow during the welding from the advancing side to the 
retracting side was good when using the square pin profile because the percentage 
elongation is highest in the square pin profile. When we are observing the results 
of elongation for experiments 4, 5, and 6, the heat generation is higher with the 
increasing tool rotation speed. The results of experiment 5 for UTS shows that the 

Experiment no. FSW tool UTS (N/mm2) YS (N/mm2) Elongation (%)

1 TSCP 103.1 60.39 0.4

2 TSCP 171.36 84.56 0.4

3 TSCP 39.28 0.244 1.2

4 SCP 196.45 164.92 3.2

5 SCP 228.96 26.72 3.2

6 SCP 150.19 137.11 2.4

7 SP 179.44 90.94 2

8 SP 203.18 200.26 2.6

Table 5. 
Tensile testing result.

Figure 5. 
Graph of experiment VS UTS.

Figure 6. 
Graph of experiment VS elongation.
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straight cylindrical pin profile gave better results at a low speed with high traverse 
speed. For generating heat, friction is necessary and if the traverse speed is more 
with high rotation speed then proper bonding of the two plates does not happen and 
the joint strength reduces as was observed in the results of experiment 1.

6. Conclusions

FSW is a solid state welding process, where the joining of two plates is per-
formed under recrystallize temperature. Our experiment on aluminum alloy AA 
7075 T6 tested different welding parameters, such as welding speed, tool rotating 
speed ranging from 710 to 1400 rpm, welding speed (tool travel speed) ranging 
from 60 to 140 mm/min, and three tool pin geometries such as square pin, cylindri-
cal straight pin, and cylindrical threaded straight pin.

From the tensile test results, we obtained a 228.96 UTS at TRS of 710 rpm, WS of 
105 mm/min with the square pin.
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Chapter

Water Desalination Using Offset 
Solar Parabolic Dish Concentrator: 
A Review
Heman M. Pandya, C. O. Yadav and P. V. Ramana

Abstract

Few desalination systems exist that are not energy intensive and which do 
not utilize any conventional sources of energy. There is a great potential to be 
harnessed through solar energy and thermal desalination is one such process 
with little investment and the potential to produce potable water for up to 
5–10 years at the least. Efforts have been made to make solar distillation systems 
cheaper and more capable of achieving higher yields of distilled water. An offset 
parabolic dish works on the principle of concentrating solar power technology, 
which generates higher distilled water yields with lower production costs. This 
review paper summarizes the optimum feasible design options available for 
manufacturing the offset parabolic dish concentrator for desalination pur-
poses. The construction and performance of offset parabolic dish concentrator 
depends on several key features such as reflecting materials used for the con-
centrator, shape, size of the aperture area of the concentrator, diameter of dish 
concentrator, focal length of the offset parabolic dish concentrator, geometric 
concentration ratio (CR), and rim angle.

Keywords: offset parabolic dish concentrator, Scheffler dish, concentrating solar 
power (CSP), water distillation, desalination unit, small-scale solar still

1. Introduction

The solar water desalination process is one of the best and low-cost routes to 
obtain potable water through evaporation and condensation.

There have been 400 million people who have used desalinated water in 2015 
and it was reported by Dr. Md. Eaqub Ali that by 2025, 14% of the global population 
would be forced to use sea water. By 2030, the global water demand will be 16,900 
billion m3 (Bnm3) and 2400 Bnm3 shortfalls of water would be generated. This 
water shortfall can be provided by various desalination processes [1].

There are four types of parabolic dishes: (a) Axial or front feed prime focus 
parabolic dish, (b) Offset parabolic dish, (c) Cassegrain, and (d) Gregorian 
parabolic dish.

The offset parabolic shape eliminates aperture blockage and prevents the 
accumulation of ice and snow by placing the receiver below the dish reflective 
aperture region. The offset dish is a portion of a much larger paraboloid. The 
reflector/concentrator is an asymmetric segment of a paraboloid, so the focus is 
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located on the side and does not record a shadow as in the front receiver dish. In 
the offset design, the receiver is positioned outside on a boom sticking out from 
the bottom edge of the dish.

The offset-axis dish design offers several distinct advantages over its prime focus 
counterpart. There is no receiver blockage and this is an important consideration 
when the reflecting aperture is less than 1 m in diameter. Better stability and lower 
wind resistance is provided by this shape (geometry).

Certain disadvantages also exist with solar based dish systems, such as these 
systems need tracking, they tend to be the more expensive option when compared 
to non-tracking desalination systems. In addition, maintenance of the system, such 
as timely seasonal changes in the tracking system for proper altitude tracking, also 
requires skilled technical personnel.

Wear and tear of the abrasive film and replacement of broken reflecting glass or 
regular removal of dust from the surfaces of the concentrator are a few of the issues 
present in almost all concentrating solar technologies.

2. Literature review

• Hafton Asmelash et al. [2] designed and developed an offset dish concentra-
tor with the dimensions of 90 cm (major dia.) by 80 cm (minor dia.), for the 
purpose of cooking. Its maximum temperature of 94°C was achieved within 
25 min with water in the cooking vessel. With such encouraging results, it can 
also be used in many other applications in the future.

• Pavlovic et al. [3] presented the method of designing, constructing and 
performing optical ray tracing analysis of a solar concentrator for medium 
temperature applications. In order to minimize the design efforts, they 
decided to utilize a commonly available offset parabolic antenna dish as their 
reflector. Their reflector was made from combining three individual offset 
parabolic antenna dishes. The total heat flux recorded at the focal region was 
2188 W.

• Munir et al. [4] presented a simple and tangible method to construct the 
Scheffler concentrator with an 8 m2 surface area. In their paper, they have 
presented step-by-step analytical calculations to design the dish concentrators’ 
parabolic curve and its elliptical frame. Their design offered a new prospect of 
potential application in the domestic market.

• Chandak et al. [5] designed, developed, and experimented with a multistage 
evaporation system using a Scheffler solar concentrator. They obtained 2.3 
times more distilled water output from their system as compared to that of a 
single stage distillation unit. They concluded that the Scheffler dish design was 
promising for the commercial scale application.

• Gadhia and Kinjavedkar [6] focused on giving a comprehensive review of solar 
reflector technologies. Their findings proved that when mirror is used as a 
reflective material in a Scheffler dish, the best results were obtained.

• Bhasme [7] studied the performance of a parabolic solar reflector and 
Scheffler solar reflector for their thermal efficiency and losses. The main 
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dependent factors in her comparative analysis were: (a) the geometry of the 
reflectors having a diameter of 1.5 m and (b) the radiation of the sun. For 
better reflectivity in both receiver and concentrator, stainless steel was used. 
She utilized Matlab Simulink software to compare the Scheffler dish concen-
trating ratio to that of a parabolic dish collector. The results showed an 8% 
better efficiency of the Scheffler reflector when compared to the parabolic 
collector.

2.1 Major features affecting the design of the offset parabolic dish concentrator

Table 1 summarizes seven key features that make a significant difference to the 
design of the offset solar parabolic dish concentrator.

The diameter of the dish determines the power or heat flux generated by the 
parabolic dish. This value is usually decided so that minimum solar radiation of 
600–1000 W/m2 is collected [13]. Concentration ratio greater than 10 is advisable 
in any solar dish design. Researchers in Ref. [13] reported that rim angle values near 
45° lead to the highest concentration ratio and better thermal performance of CSP 
systems.

3. Conclusions

This feasibility study brings forward the various factors that affect the solar 
offset parabolic dish when using it as an independent single desalination unit. We 
can establish certain design parameters that are responsible for obtaining optimal 
performance from the offset parabolic dish systems. These features are rim angle, 
the reflective material used for the concentrator, shape of the dish concentrator, and 
the concentration ratio.

Major features References Focus Methodology

Dish concentrator 
shape and diameter

[8] Circular shaped dish having 5, 10 and 20 m 
dish diameters

Theoretical

[9] Spherical shaped solar dish having 25 m 
dish diameter

Experimental

Reflector material [10] Polished stainless steel 0.5 mm thickness 
reflector surface

Theoretical

Focal length [10] Parabolic square dish with focal length 
of 1 m

Theoretical

Rim angle [10] Parabolic square dish having a 44.5° rim 
angle

Theoretical

Solar radiation [11] Paraboloid shaped dish was analyzed 
using Monte-Carlo ray tracing method and 
Computational Fluid Dynamics (CFD) 
method

Numerical

Concentration ratio [12] Triangular facets Solar dish concentrator 
with a mean concentration ratio of 333.5

Theoretical

Table 1. 
Seven major features of offset parabolic dish design in foregoing research.
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Using a solar offset parabolic dish as a reflector improves temperature concen-
tration at the focal point (point focus) with minimum cosine losses when compared 
to prime focus parabolic dish systems. There is a low yield problem when making 
use of solar energy for production of potable water in the form of a stand-alone 
distillation unit.

Researchers have worked on designs based on the offset type of dish geometry. 
Although this technology can be made available on a smaller scale, there seems to 
be a shortage of exploration. As of today, scarcely any reported research works on 
concentrating solar power for desalination process with smaller aperture area of 
1–2 m2 range are available.
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Chapter

A Critical Study and Review 
on Abrasive Flow Micro 
Machining Process for Parameter 
Optimization and Process 
Implementation
Pragnesh D. Panchal and Sanket N. Bhavsar

Abstract

Modern times cannot be imagined without the use of hybrid-machining pro-
cesses to achieve improvement in surface finishes. Abrasive flow machining (AFM) 
is one of these processes. It is a non-traditional machining technique that can be 
used for deburring and polishing to achieve surfaces such as complex geometries and 
edges by using a flow of pressurized abrasive laden viscoelastic polymer. It is very 
capable and appropriate for the finishing of complicated inner and outer surfaces 
and it has been experimentally confirmed that AFM can improve surface quality 
significantly. The proper combination of manufacturing circumstances is one of the 
most significant aspects to take into consideration in the popularity of industrialized 
processes. This paper highlights some of the existing methods of AFM and its effort 
to optimize them in order to improve the surface finish with few outlays.

Keywords: abrasives, AFM, surface finish, material removal rate

1. Introduction

Today’s modern industry requires highly accurate and precise small-sized 
products. The majority of time taken and the most labor-demanding section of the 
process in today’s manufacturing is the supreme finishing of intricate parts of a 
small size. Moreover, surface roughness of the final product has a significant role in 
various industries such as aerospace, automotive and biomedical, etc. A tiny burr 
or a cut will cause giant losses such as collapse of aerospace devices, energy loss in 
engines, breakage of components etc. In the earlier years, industries were using 
conventional super-finishing processes to acquire the necessary smoothness on the 
product. These traditional processes are not suitable for intricate geometries and 
complicated profiles to be machined to a higher level of finishing requirements. 
Advanced finishing processes have become more popular because the complicated 
inside geometrical features in various engineering materials can be finished with 
a desired accuracy. The aim of achieving nano level surface smoothness during 
machining is easily achieved by these advanced processes, which are demanded of 
today’s industry.
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Abrasive flow machining (AFM) was first described and patented by McCarty, 
the president of Extrude Hone Corporation in 1970 [1]. Because of its capabil-
ity to machine interior and curved surfaces, it is considered as a suitable surface 
finishing process to finish internal complex geometry of work pieces. Presently 
AFM is well known as one of the greatest techniques for finishing of multifaceted 
geometries not easily reached by the traditional techniques. Investigators are always 
trying to achieve better results in the AFM process. The proper combination of 
manufacturing conditions is one of the chief aspects to improve the performance of 
newly developed processes and mainly in processes associated to AFM. This paper 
presents some of the literature available on the AFM process for process parameter 
optimization and to achieve a superior surface finish.

2. AFM process parameters and classifications

2.1 AFM process parameters

Rhoades [2–4] describe the fundamental theory of AFM process and recognized 
its process parameters. He reported that to facilitate the depth of cut first and 
foremost depends upon extrusion pressure, relative hardness, sharpness and also 
abrasive grain size. The controllable AFM process parameters are classified as in 
Table 1 [5–9]. Perry showed that AFM can be used in engineering applications such 
as deburring, improving surface finish, contouring, elimination of recast layers 
generated due to thermal processing, etc. [10].

2.2 Classification of AFM machines

Abrasive flow machines are basically distributed into three categories: one 
way AFM, two way AFM, and orbital AFM. A short description of these types is 
provided below. In a one way AFM arrangement, the abrasive media enters force-
fully into the work piece passage at an opening position and then exits on the 
other side, leaving a smooth internal passage to mark its passage [11]. For a more 
powerful polish, two way AFM arrangements might be employed. In a two way 
AFM arrangement, two hydraulic cylinders can control the abrasive media flow. 
These cylinders push and pull the media through the work piece [12]. It gives an 
extremely polished, smoother end result in less time compared to a one way AFM, 
which is shown in Figure 1. In the orbital AFM, orbital vibrations of a low ampli-
tude are used to achieve the desired surface finish requirements (Figure 2) [13].  

AFM process parameters

Medium parameters Machine parameters Work-piece parameters

1. Abrasive type 1. Extrusion pressure 1. Initial surface

2. Abrasive size 2. Number of cycles 2. Material type

3. Abrasive concentration 3. Material hardness

4. Additives 4. Passage geometry

5. Polymer type and concentration

Table 1. 
Classification of AFM process parameters [5–9].
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AFM makes it feasible to polish and smooth the area that could not be easily 
reached by enabling the media to flow from beginning to end of the object inter-
nally. Figure 3 shows the mechanism of material removal for different AFM pro-
cesses. The following modes have been identified for metal deformation in abrasive 
machining process. First, elastic deformation related to abrasion; second, plastic 
deformation where a greater part of the object is displaced without being removed; 
and third, micro-cutting where material is eliminated in the form of chips of a 
micro size. The existence of any particular mode of deformation basically depends 
on the magnitude of cutting forces exerted on an individual grain, and the resistive 
force offered by work piece.

Figure 1. 
Two-way AFM process.

Figure 2. 
Orbital AFM process.
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3. Experimental investigation explored in abrasive flow machining

Investigations by experimentation have been approved by a variety of investiga-
tors and reported that the total time to reach the essential finish is longer if the mate-
rial deletion rate is low. To improve the performance of the AFM process, a variety of 
investigators have developed the mixed-mode machining processes in which dif-
ferent machining processes are used in conjunction with the AFM process to obtain 
a superior material removal rate (MRR) and obligatory surface finish in a smaller 
amount of time. Several of the latest developments in mixed-mode AFM processes 
are described here. Loveless [14] stated that dissimilar types of machining operations 
used to prepare the object before carrying out AFM is necessary and affects surface 
finish obtained throughout the process. The outcome shows that extrusion pressure 
did not have an essential effect while the type of machining method affected both 
metal removal and surface finish results. It also has been reflected that the viscosity 
of media significantly affected surface roughness. Authors [15] introduced a newly 
developed hybrid process called R-AFF. In this process, they rotated the work piece 
to increase the interaction between the work piece and the abrasive particles, which 
leads to improvements in the material removal rate and surface finish. The result 
shows that R-AFF can produce a 44% improvement in surface smoothness and an 
81.8% improvement in MRR when compared to the AFF process. Researchers [16] 
inserted a drill bit in the experimental set-up to control the path of medium flow. 
This has been called the Drill Bit Guided Abrasive Flow Finishing (DBG-AFF) by 
researchers. The experiments were conducted on AISI 1040 and AISI 4340 materials. 
The arbitrary motion of abrasive particles generated by this arrangement helped to 
increase the interaction of fresh abrasive particles with work piece surface. Superior 
finishing rate and texture improvement have been reported in DBG-AFF when 
compared to AFM and R-AFF. Figure 4 shows the DBG-AFF process. Authors [17] 
also tried to introduce the action of a centrifugal force on the abrasive laden viscous 
material. This experiment was carried out by inserting a rotating rod through the 
passage of the work piece. It was reported that the centrifugal force created by this 
rod is useful for the improvement in surface finish and material removal rate.

Figure 3. 
Mechanism of material removal for AFM processes.
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3.1 Modeling and optimization

It is essential to construct a mathematical model to understand the effect of vari-
ous process parameters to achieve desired surface finish in a limited time period, 
that is, rate of material removal.

The neural network technique has been utilized for the purpose of developing 
a model of AFM process by researchers [18]. Five significant process parameters 
have been reported and are as follows. Parameters related to mechanical proper-
ties of the work piece, machining behavior, technical specification of set-up, 
process objectives, and viscosity of working media. This model primarily reduces 
the development time for new applications of the method and provides the data 
on effect of input variables on output parameters. Finite element model (FEM) 
has been used to forecast the stresses induced during AFM and forces exerted on 
the work piece surface [19]. Using this approach, they calculated the force exerted 
by each abrasive particle and depth of indentation produced on the work piece. 
Fletcher et al. [20] introduced a new relationship between media rheological 
properties and the AFM process. They investigated the shear rate of the polymer 
when it passes through the restricted area of the work piece. It was observed that 
the rate of shear increases in this case. They also concluded that better surface 
finish can be obtained by increasing the length of the piston stroke. Higher shear 
stress is generated on the wall and the coefficient of viscosity decreases because 
of the increase in piston stroke. The effect of the tangential force and related 
specific energy have also been investigated based on five process parameters such 
as hardness of the work piece, applied pressure, number of cycles, grain size, and 
number of active grains [21].

3.2 Developments in the abrasive medium

Abrasive medium is the most important and central ingredient of the AFM 
process. The abrasive medium is the viscoelastic polymers that act as mover media 
and abrasive particles that act as a wounding device to remove the rough material 
from the work piece. Numerous studies and investigations have been carried out in 
this area and they have tried to introduce a new substitute media for AFM process. 

Figure 4. 
Schematic diagram of DBG-AFF.
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Some fresh advancement in the abrasive media by various researchers for AFM 
process is described in this part.

Wang et al. [22] developed an abrasive gel that has silicone rubber (P-silicone) 
and silicone rubber with additives (A-silicone). They concluded that silicone 
rubber (P-silicone) and silicone rubber with additives (A-silicone) are more 
suitable as media because they are easily available and also cost-effective. They 
also concluded that the surface finish is improved with A-silicone abrasive media 
with the number of cycles being less than five. Sankar et al. [23] used styrene-
butadiene rubber (SBR) as the media and silicon carbide—SiC as the abrasives to 
study the effect during finishing on three types of work piece materials in AFM 
process. They proposed that surface roughness increases step-by-step as weight 
fraction of oil increase up to 10% and then starts falling. They also concluded that 
rheological properties of the media affect the material removal rate (MRR) and 
surface finish.

4. Various applications of AFM

Many industries and investigators applied AFM process on a variety of com-
ponents for achieving greater surface finish. Some of the applications of the AFM 
process are as follows.

4.1 Machining of industrial and bio-medical components

Li et al. [24] used AFM equipment to achieve better surface roughness for a 
nonlinear tube runner in the military and civil field. Result shows that an AFM 
tool is important to achieve better surface integrity. Xu et al. [25] showed that 
AFM achieved better quality in helical gears. Wang et al. [26] improved the qual-
ity of the nozzle that is used in the diesel engine using the AFM process. Kumar 
et al. [27] introduced rotational-magnetorheological abrasive flow finishing 
(R-MRAFF) to achieve nano level surface roughness while finishing freeform 
components.

4.2 Machining of MEMS (micro-electro-mechanical systems)

Using the electron discharge machining process, we produced the micro chan-
nels but this process is prone to produce a recast layer in the area of machining. 
Focused ion beam (FIB) milling is also used to machine micro channels [28]. 
Microchannels are fundamental structure blocks of micro fluidic technology. Yan 
et al. [29] used a media to eliminate the recast layer from the micro channels formed 
by wire-EDM. They showed that the quality of the channels is improved with the 
use of the AFM process by removing recast layer and burrs. A miniaturized part 
such as fuel injector, micro filter, and ink-jet printer nozzle has a micro bore. These 
micro bores are finished with the help of AFM to offer better surface finish by 
removing internal unevenness.

5. Conclusion

The following concluding remarks are concluded from the above evaluation. 
AFM is a well-recognized superior finishing process. It uses abrasive laden medium 
that has the viscoelastic polymer and acts as a mover medium. Abrasive particles 
act as a cutting tool and remove the material from the work piece. AFM is normally 
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useful to finish multifaceted shapes for improved surface smoothness values. To 
overcome the drawback of low finishing rate, researchers have projected a mixture 
of AFM machines like as Orbital AFM, MRAFF, R-AFF, DBG-AFF etc. These 
processes have been effectively useful to finish works with complicated profiles 
generally used in bio medical, aerospace, automotive, die mold industries and the 
power sector. There is a need for more hybrid processes that improve the surface 
finish significantly. Abrasive flow machining is a possible candidate for further 
developments.
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Chapter

Analyzing the Effect of Variable 
Process Parameters in Friction Stir 
Welding of Aluminum Alloys on 
Hardness
Vrajesh Patel, Nikul Patel and K. D. Bhatt

Abstract

Aluminum is one of the rare earth metals that has a high strength to weight ratio. 
Aluminum alloys are used for many different applications. Aluminum is a highly 
reactive metal with oxygen at the recrystallization temperature when applying 
conventional joining processes. The friction stir welding process was used in this 
research work to join AA 7075 T6 aluminum alloy plates. We used different process 
variable parameters such as tool pin geometry, tool rotation speed, and tool travel 
speed (welding speed). We also analyzed the effect of different process variable 
parameters on the hardness of the welded plates.

Keywords: friction stir welding, AA7075 T6, hardness, aluminum alloys,  
tool geometry

1. Introduction

Friction stir welding (FSW) is categorized as a solid state joining process. This 
process is performed below the recrystallizing temperature. It was invented by Wayne 
Thomas at TWI United Kingdom in 1991 [1]. FSW needs less energy input, is an 
environmentally friendly process, with repeat mechanical processes able to produce a 
very high strength welding process in a wide range of materials. This process is capable 
of producing high-quality and defect-free welds of 2xxx and 7xxx series aluminum 
alloys [2]. Different materials can be welded together with different aluminum alloys 
as there is no melting during the welding process [2]. The effect of different tool 
rotation speeds along with the different process parameters on AA 6063, T5, and T4 
work pieces has been previously observed. The researcher observed that different 
tool rotation speeds did not result in significant differences in the hardness of welded 
plates by FSW, except for the width of the softened/partially melted area in the weld 
of AA 6063-T5 [3]. Regarding the mechanical properties of similar and dissimilar 
AA5182-H111 and AA6016-T4 metals, the researcher reported that both alloys showed 
a hardness deviation unswerving with the microstructure evolution across the thermo 
mechanical affected zone (TMAZ) [4, 5]. The overall mechanical properties depend 
on the ratio of the tool rotation speed to the welding speed [6, 7]. When the fracture 
location is at the body of the base metal or at the heat affected zone (HAZ) then the 
hardness value is high, but is lower hardness in comparison with the stirred zone.  
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The fracture location of the joints was in the HAZ of the AA6061 side due to a lower 
hardness value [8, 9]. The reason for the lower value could be the poor fusion of the 
two plates. This research work presents the effects of various process variable param-
eters on the hardness of welded aluminum plates by FSW.

2. Experiment

Aluminum alloy AA 7075 T6 was selected for experimental joints using FSW 
process. The experimental set up and typical welded plate is shown in Figures 1 and 2.

The plates are sized at 150 × 100 × 6 mm for butt joining. Tables 1 and 2 show the 
chemical composition and mechanical properties of the plate material. The FSW is 
carried along the plate surface horizontally. The process parameters that are highly 
influential on FSW joints are tool rotating speed, tool travel speed, and tool pin pro-
file. Three different pin profile tools are used to fabricate the joints that are made from 
the H13 tool steel. They are shown in Figure 3. The tool was held in the vertical arbor 
using a suitable collate. The edge of the plate was clamped on the bed with a zero root 
gap. The clamping of the plate was done to avoid vibration and translation force. After 
that, the rotating tool plunged in the butt joint until the shoulder touched the surface 
of the plate, then the tool ran at a pre-determined speed. The selected range of process 
parameters were divided into nine experiments based on previous research work. 
Nine experiments and their selected welding parameter are shown in Table 3.

Figure 2. 
Welded plate.

Metal Al Si Fe Cu Mn Mg Cr Ni Zn Ti Pb

Percentage 89.7 0.05 Max 0.5 1.3 0.03 Max 2.69 0.2 0.01 5.78 0.06 0.01

Table 1. 
Chemical composition of plate material (according to ASTM E 8).

Figure 1. 
Experimental setup of FSW.
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3. Result and discussion

Hardness is the property of the material that enables it to resist plastic defor-
mation and penetration. As our material was nonferrous and an aluminum alloy, 
we measured the HRB of the material at different locations such as at the weld 
zone, at the HAZ, and at the parent material. The test was carried on the Rockwell 
hardness testing machine at ambient temperature. The hardness results are shown 
in Table 4.

As we can see in Table 4, the highest hardness at the weld zone was achieved 
when the tool rotation speed was high with tool traverse speed at 85 mm/min with 
the square pin profile. As the tool rotation speed decreases, the hardness with dif-
ferent tool pin profile also decreases. The hardness value at the HAZ is highest when 

Ultimate tensile strength 
(Mpa)

Yield strength 
(Mpa)

Tensile elongation 
(%)

Micro hardness 
(VHN)

572 503 11 175

Table 2. 
Mechanical properties of plate material.

Figure 3. 
FSW tools (a) straight cylindrical pin, (b) threaded straight cylindrical pin, (c) square pin.

Experiment 
no.

Tool rotational speed  
(rpm)

Traverse speed  
(mm/min)

Tool pin profile

1 1400 125 SCP

2 960 80 SCP

3 960 60 SCP

4 1400 85 SP

5 710 105 SP

6 1400 90 SP

7 1400 140 TSCP

8 900 90 TSCP

9 710 105 TSCP

Table 3. 
Process parameter.
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the tool rotation speed was high with the straight cylindrical pin profile and it was 
achieved with a high traverse speed of tool during welding.

Figure 4 shows the hardness at different zones in the different experiments. As 
the value of the traverse speed decreases, the value of hardness at the heat affected 
zone also decreases and at a lower traverse speed, the hardness at the weld zone is 
also lowest. The highest hardness was obtained at the weld zone with the square 
pin profile and at the HAZ with the straight cylindrical pin profile. In the threaded 
straight cylindrical pin profile, the hardness was lower when compared to the other 
two pin profiles.

4. Conclusion

The hardness was measured at the weld zone, the heat affected zone, and the 
parent metal and from the results, we can say that using the SP profile with a higher 
tool rotation speed results in a high hardness at the weld zone and the heat affected 
zone. Welding with SCP at a lower tool traverse speed results in lower hardness at 

Experiment 
no.

Hardness at weld zone 
(HRB)

Hardness at HAZ 
(HRB)

Hardness of parent metal 
(HRB)

1 71 95 71 66

2 74 65 80 62

3 47 48 53 59

4 86 93 97 57

5 52 56 52 60

6 49 54 57 62

7 60 50 49 67

8 75 43 53 64

9 54 52 54 68

Table 4. 
Hardness testing results.

Figure 4. 
Graph of experiment VS hardness.
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the weld zone. Using threaded straight cylindrical pin (TSCP) at a higher tool rotat-
ing speed and welding speed (tool traveling speed) results in a hardness of the weld 
zone somewhat similar to the hardness of the parent metal.
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Chapter

Performance Evaluation of Deep 
Cryogenic Treatment on M2 HSS 
Tool Steel
Aaditya Patel, Yagnesh Mehta, Jay Chauhan, Yogesh Dabhi, 
Unnati Joshi and Sanjiv Rajput

Abstract

In the present work, we have attempted to develop a setup that aims at perform-
ing cryogenic treatment in a way that gradually reduces the temperature and avoids 
the thermal cracking of tools due to the large temperature gradient. For experi-
mental purposes, deep cryogenic treatment (at 77 K) was performed on M2 High 
speed steel and machining studies were conducted on EN-9 material by means of 
both deep cryogenically treated and untreated tools. Micro-structural examination, 
hardness and tool wear were studied with the help of a metallurgical microscope, 
Rockwell hardness and toolmakers microscope respectively. The results reveal that 
fine carbide precipitation occurring at cryogenic temperature is responsible for 
enhancing the wear resistance property of the tools. Results also show that there 
was no noteable change in the hardness values of the tools.

Keywords: cryogenic treatment, liquid nitrogen, M2 HSS, carbide precipitation,  
tool wear

1. Introduction

In a world of advanced technologies, the requirement for materials to possess 
properties such as high wear resistance, superior strength, light weight and the 
ability to perform under extreme conditions is increasing. Thus, there is an indirect 
demand to develop tool materials with greater resistance and strength that are 
able to cut work piece materials with higher resistance. The necessity to increase 
the efficiency and effectiveness of production of a product resulted in emergence 
of new tool materials such as cermet, ceramics, cemented carbide and ultra-hard 
materials. In spite of the fact that High Speed Steel (HSS) was developed more than 
a 100 years ago, it is still widely used in modern day industries. Its major applica-
tions include taps, drill bits, broaches, single point cutting tools and also in place of 
carbide tools with fairly low economical cutting speeds [1, 2].

The property of the material mainly depends on the chemical composition and 
microstructure. So to alter the properties of a material either the chemical composi-
tion or microstructure must change. Heat treatment is the process that is utilised to 
change the microstructure of the material [1–3]. The regular heat treatment process 
for tool steels includes heating the raw material up to the austenitizing temperature 
and then carrying out suitable quenching methodology to achieve the required 
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hardness. In the quenching process, the Austenite (soft phase) present in the steel is 
converted to Martensite, which is considered the hardest phase when compared to 
other phases. One of the key aspects of this process is the formation of Martensite, 
which starts and finishes at a particular temperature. In regular heat treatment, 
the lowest temperature achieved after quenching is room temperature (30°C) but 
the Martensite finish temperature for tool steel is around −50°C and hence there is 
always retained Austenite present in the material [3–5].

It is a widely established fact that a long exposure time of a material to very low 
temperature triggers some definite changes. This caused the tool manufacturers to 
start exploring the true potential of “Cold Treatment”, that is a process in which a 
material is exposed to a temperature lower than the surroundings.

1.1 Cryogenic treatment

Cryogenic treatment is an auxiliary process to the regular heat treatment pro-
cess. After performing the regular heat treatment process on the steel, it’s time for it 
to undergo cryogenic treatment. The first step of the cryogenic treatment process is 
to gradually cool down the steel that is at room temperature to a temperature of 77 K 
(boiling point of liquid nitrogen) at a particular cooling rate. Gradual cooling of the 
material is done because if it is directly exposed to liquid nitrogen than the material 
will experience thermal shock and it will make the steel brittle. After achieving 
the temperature of 77 K, the steel is kept at that temperature for a certain period of 
time so that the changes that are occurring during the process are throughout the 
material and uniform properties are obtained by doing so. The next step is to bring 
the material back to room temperature at a specific heating rate. After this heating 
process, the material is passed through tempering cycles to regain the lost ductility 
and to relieve stresses.

2. Experiment

The experiment was preceeded by designing and manufacturing the setup 
suitable for performing cryogenic treatment. The setup was designed taking into 
consideration the thermal and mechanical aspects during its functioning. Figure 1 
shows the actual view of the setup.

Figure 1. 
Arrangement of the cryogenic treatment setup.



Proceedings of the 4th International Conference on Innovations in Automation...

30

2.1 Working of the setup

The flow of liquid nitrogen takes place from the Dewar to the copper coils in the 
setup with the help of an extraction pump. Before pumping liquid nitrogen into 
the setup, a vacuum i created in the annular space provided in the setup to reduce 
heat transfer by conduction and convection. The tool is kept in a beaker that is 
surrounded by copper coils. As liquid nitrogen flows through the copper coils, it 
gradually reduces the tool’s temperature to a desired temperature. A thermocol box 
is provided at the exit of the copper coil for storing the liquid nitrogen. After attain-
ing a stable temperature, a liquid nitrogen bath is provided for soaking the tool for a 
duration of 24 hours. A tempering process is carried out to regain the lost ductility 
and increase the toughness in the tool. The temperature of the tool is measured with 
the help of RTD, which is connected to the data logger. The data logger takes the 
temperature reading every 10 seconds.

After completion of the cryogenic treatment cycle, the tool undergoes various 
tests that help in validating the benefits of cryogenic treatment. These tests include 
checking for wear on the tool after a given time, hardness and microstructure 
examination.

For experimentation purposes, M2 HSS Tool Steel was used. It is one the most 
widely used tool materials in simple turning operation. The physical characterisa-
tion of the tool was measured with the help of a spectrometer, toolmakers micro-
scope, Rockwell hardness tester, and metallurgical microscope.

3. Results and discussion

3.1 Chemical composition

The Spark Spectrometer was used to measure the composition of the specimen 
and also to verify its contents with ASME standards (Table 1).

3.2 Microstructure examination

The microstructure examination was performed using standard half inch M2 
HSS tool steel. The first step in this process is specimen preparation, which includes 
polishing the specimen with emery paper and then etching it in a solution of 3% 
Nital. A metallurgical microscope was used to analyse the microstructure of both 
the cryogenically treated and untreated specimen. Figures 2 and 3, represent the 
microstructure of both specimens taken at 200X magnification.

Fine carbide precipitation (black spots) was observed widely in Figure 2 com-
pared to Figure 3, which is a direct correlation to the improvement in dimensional 
stability as well as wear resistance of the tool [6, 7].

Table 1. 
Chemical composition of M2 HSS tool.
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3.3 Tool wear and tool life measurement

The measurement of tool wear of both the specimens was carried out using 
identical working conditions during turning operations on a lathe machine 
(Table 2).

The following parameters for speed, feed and depth of cut were maintained 
for both the untreated and cryogenically treated tools. Before the experiment, the 
length of wear lend was measured with the help of a toolmakers microscope  
(Table 3).

After 500 seconds of machining, tool wear lend was measured with the help of 
toolmakers microscope (Figure 4).

The tool wear experiment revealed performance improvements in the cryogeni-
cally treated tool when compared to the one not treated. The cryogenically treated 
tool showed less wear during the course of the experiment, nearly 150 μm less than 
its counterpart (Table 4) (Figure 5).

The tool life experiment was carried out by keeping the same machining param-
eters constant for both the tools (Table 5).

The percentage increase in tool life after cryogenic treatment can be 
 calculated by:

Percentage increase in tool life = (𝑇1−𝑇2)/𝑇2 = 48.07%.

Figure 2. 
Microstructure of cryogenically treated tool.

Normal rake angle (°) Normal clearance angle (°) Side cutting edge angle (°)

5 3 30

Table 2. 
Tool geometry for experimentation purpose.

Figure 3. 
Untreated tool.

Machining parameters Value

Work piece material and diameter EN 9, Ø80 mm

Spindle speed 190 rpm

Depth of cut 2.5 mm

Feed 0.125 mm/rev

Machining time 500 sec

Table 3. 
Machining parameters set on the lathe machine during turning operation.
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3.4 Hardness measurement

The hardness of the specimens was measured using the Rockwell hardness 
tester.

Values in Table 6 reveal that there is no change in hardness values of the tools [7].

Figure 4. 
Wear measurement of the specimens using a toolmakers microscope.

Time (min.) Tool wear (μm)

Cryogenically treated tool Untreated tool

0 0 0

10 120 130

30 290 410

55 490 610

70 670 820

Table 4. 
Wear measurement after specific intervals of time.

Figure 5. 
Performance analysis of cryogenically treated tool and untreated tool.

Tools Tool life (min)

Cryogenic treated tool 77 min (T1)

Conventional tool 52 min (T2)

Table 5. 
Tool life values for both the tools.
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4. Conclusions

1. The performance of the cryogenically treated tool was found to be superior 
when compared to the untreated tool. The dimension stability of the tool 
improved as a result of fine carbide precipitation occuring due to long hours of 
soaking at the cryogenic temperature. This is evident from the microstructure 
examination as well as from the subsequent tool wear experiment which shows 
nearly 150 μm less tool wear taking place on the cryogenically treated sample.

2. The tool life of the cryogenically treated tool increased by nearly 48.07%.

3. There was no change in the hardness values of the tools, which shows that 
cryogenic treatment does not influence the hardness values of the sample and 
has only impacted on the microstructure of the specimen.

Sr. 
No.

Tool Hardness values (HRC) Average hardness (HRC)

1. Cryogenically treated tool 65, 66, 64 65

2. Untreated tool 64, 66, 65 65

Table 6. 
Hardness values in HRC.
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Chapter

Effect on Cutting Force during 
Hard Machining of AISI D2 Tool 
Steel Using AlCrN Coated Tool
Ravikumar Dasharathlal Patel and Sanket N. Bhavsar

Abstract

At present, milling is the most suitable process among other all process for making 
molds, dies, automotive parts and aerospace parts, which are manufactured from hard 
tool steel. Tool steel (D-Grade tool steel) materials are largely used in the manufacture 
of cold forming dies due to the excellent wear characteristics and deep hardening. AISI 
D2 tool steel is used as the work material for the current experiment. Many research-
ers demonstrated that AlCrN coating, which has been developed recently, provided 
better wear protection than TiAlN coating. The present paper provides the details of 
machining experiments of AISI D2 tool steel using an AlCrN coated end mill tool. The 
aim of the present study is to develop a relationship between cutting force and input 
parameters (cutting speed, feed, depth of cut and width of cut). First and second 
order models were developed using Response Surface Methodology (RSM). The 
predicted cutting force results are shown in terms of first and second order equations. 
Comparision of both models (1st and 2nd order) for the prediction of cutting force 
during machining of AISI D2 tool steel was performed during this research work.

Keywords: milling, hard machining, AISI D2 steel, AlCrN coated tool,  
RSM CCD, ANOVA

1. Introduction

In the global market, satisfaction of customer requirements without compro-
mising quality is becoming a major issue to sustain in the competitive market. One 
of the most widely used manufacturing processes is the milling process, which is 
interrupted cutting process to remove chips to obtain the required shape [1]. In 
manufacturing industries, the milling process is widely used to manufacture dies, 
automobile parts and aerospace industries. The cutting circumstances are more 
adverse than in turning [2]. The milling process for hard materials has reduced lead 
time and machining costs compared to other traditional processes [3]. In die and 
mold-making industries, machining of hard material is a challenging task due to 
high tool wear, higher tooling and handling cost [4]. Gaitonde et al., undertook an 
experiment on AISI D2 tool steel to evaluate machinability with analysis of cutting 
temperature, tool wear and surface roughness [5]. For hard machining, tool wear 
and temperature at the tool tip were the major issues [6]. To overcome this, coating 
on the tool can effectively improve the tool life. Coating of a cutting tool enhances 
the wear resistance, oxidation resistance, reduces temperature variation in tool 
and improves lubricity of the tool [7]. Experiments were carried out on austenitic 
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stainless steel using hard AlTiN, AlCrN PVD coated tool. The AlCrN-based coat-
ings have superior oxidation resistance and hot hardness when compared to AlTiN 
ones [8]. Hard machining in dry conditions gave the best results and substantial 
advantages such as lower manufacturing costs, reduced time for finish machining 
and improved surface quality [9]. Some research work has proved that there is high 
tool flank wear in up-milling operations compared to down-milling operations [1].  
Tongchao Ding et al. milled AISI H13 steel with optimal cutting parameters 
and analyzed the significant effect on cutting force and surface roughness [10]. 
Experimental investigations were carried out by end milling process on hardened 
Impax Hi hard tool steel (55 HRC) by Bala Murugan Gopalsamy et al. [11].  
Experimental and theoretical study has been undertaken on heat flow when 
machining of AISI H13 and AISI D2 tool steel by using ball nose end mills (TiAlN 
and tipped with PCBN) [12]. Flank wear is the main type of tool wear. Chipping, 
adhesion and attrition were responsible for flank wear. Due to this, tool life is less 
than 40 m length of cut when end milling of AISI D2 tool steel (58 HRC) [13]. End 
milling of AISI D2 tool steel is analyzed to develop the tool life model using PVD 
TiAIN coated carbide end mill tool. Lajis et al. developed a mathematical model that 
indicates the relationship between tool life and machining variables by using the 
concept of RSM [4]. Researchers also developed a mathematical model to predict 
cutting forces during machining of complex surfaces [14].

No much work has been done on AISI D2 tool steel with AlCrN coated end mill 
tool. At present, hardened AISI D2 tool steel is mostly machined by AlCrN coated 
carbide. The aim of this paper is to develop the relationship between the output 
response (cutting force) and input parameters (cutting speed, feed, depth of cut 
and width of cut) when AISI D2 tool steel is machined by an AlCrN coated tool.

2. Experimental details

As part of the current research work, AISI D2 tool steel with a hardness of 62 
HRC was hard machined. The chemical composition of the cut material can be 
found in Table 1.

The hardness of 59 HRC of the testing samples was achieved by hardening (with 
oil quenching) at 970°C followed by 2 hours of tempering at 710°C.

Machining was done on 40 × 80 × 16 mm AISI D2 tool steel (59HRC). Cutting 
experiments were carried out by Jyoti CNC machining Centre PX10. Walter made 
AlCrN coated tool (MC232-10.0W4B-WJ30ED) with a 10 mm diameter and four 
flute flat end mills were used for experimental work (shown in Figure 1). A tool 
dynamometer (9272, Kistler made) was mounted on the table of the machine tool to 
measure the cutting force signals during machining as shown in Figure 2. The sig-
nals were amplified through a charge amplifier and analog signals were converted 
using A/D acquisition card (PCI-6-23E, NI) and stored in a computer. LabVIEW 
was employed for cutting force data acquisition.

For the performance of experiments with four factors at five levels, RSM CCD 
design of experiment was employed to conduct the milling experiments. The RSM 
is helpful for analyzing, developing, improving and optimizing a process [15]. 

C Si Mn Cr Mo V W

1.560 0.280 0.340 11.700 0.560 0.210 0.460

Table 1. 
Chemical composition (average %) of machined AISI D2 tool steel.
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RSM CCD was chosen because of the minimum number of experimental trials 
required as well as it is more efficient in handling a large number of factor variables 
compared to traditional factorial design. As shown in Table 2, the four factors to be 
considered were cutting speed, feed, radial depth of cut, and axial depth of cut.

3. Experimental results and discussion

For experiment work, experiments were performed for cutting speeds (Vc) from 
50 to 200 m/min, feed (fz) at 50–800 mm/min, axial depth of cut (ap) from 0.1 to 
1 mm and width of cut (ae) from 2 to 10 mm for PVD coated AlCrN coated end mill 
tool to achieve relationship between four input parameters (cutting speed, feed, 
depth of cut and width of cut) with cutting force.

A Central Composite Design (CCD) is the best design to fit for four factor and 
five level design. It is a very efficient design for fitting the second order model [16]. 
Design expert 6 was used to analyze the mathematical models for both the first 
order model and second order model. The overall cutting conditions with CCD are 
presented in Table 3. The normal force, feed force and axial force were recorded 
during each experiment and are given in Table 3.

Figure 1. 
AlCrN coated tool.

Figure 2. 
Experimental setup.

Input variables Lowest Low Centre High Highest

−  √ 
__

 2   −1 0 +1 +  √ 
__

 2   

Cutting speed (Vc) 50 87.5 125 162.5 200

Feed (mm/min) 50 237.5 425 612.5 800

Depth of cut (mm) 0.1 0.325 0.55 0.775 1

Width of cut (mm) 2 4 6 8 10

Table 2. 
Independent variable with levels.
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By using the experimental investigation, cutting force values were obtained in 
set experimental conditions. The following Linear model and Quadratic model of 
cutting force prediction has been developed, followed by ANOVA analogy.

The F-value obtained with linear model is 14.68, which implies that the model is 
significant.

Final Equation in Terms of Actual Factors:

 Fz = 423.87335 − 4.1883  7   ∗  CS +  0.44427   ∗  FEED  
+  319.35593   ∗  DOC +  64.54246   ∗  WOC  

(1)

The F-value obtained with quadratic model is 18.87, which implies that the 
model is significant.

Final Equation in Terms of Actual Factors:

Run 
order

C.S.  
(m/min)

FEED  
(mm/min)

DOC 
(mm)

WOC 
(mm)

Normal 
force Fx (N)

Feed force 
Fy (N)

Axial force 
Fz (N)

1 125 425 1 6 21.784 21.972 678.493

2 87.5 612.5 0.775 4 21.784 21.972 892.151

3 162.5 612.5 0.325 8 21.784 21.972 419.052

4 162.5 612.5 0.325 4 6.519 21.972 525.881

5 87.5 612.5 0.325 4 21.784 21.972 632.709

6 87.5 237.5 0.775 8 21.784 21.972 876.890

7 125 425 0.55 6 37.152 21.900 557.006

8 87.5 612.5 0.775 8 6.519 37.231 1456.818

9 125 50 0.55 6 21.784 21.972 449.574

10 125 425 0.55 6 36.998 22.102 555.993

11 50 425 0.55 6 21.784 37.231 983.719

12 125 425 0.55 6 37.112 21.889 556.216

13 162.5 237.5 0.775 4 21.784 37.231 327.484

14 125 425 0.55 6 37.099 21.823 556.901

15 87.5 612.5 0.325 8 21.784 21.972 1151.593

16 125 425 0.55 10 37.048 21.972 876.890

17 87.5 237.5 0.775 4 21.784 37.231 586.926

18 162.5 237.5 0.325 4 21.784 21.972 434.313

19 162.5 237.5 0.325 8 21.784 21.972 510.619

20 125 425 0.55 6 37.048 21.972 556.403

21 125 425 0.55 2 21.784 21.972 495.358

22 162.5 612.5 0.775 8 37.048 37.231 785.322

23 87.5 237.5 0.325 8 21.784 21.972 937.935

24 162.5 237.5 0.775 8 21.784 21.972 632.709

25 125 425 0.1 6 21.784 21.972 266.439

26 200 425 0.55 6 21.784 52.490 571.664

27 125 425 0.55 6 37.111 22.001 555.982

28 87.5 237.5 0.325 4 37.048 21.972 541.142

29 125 800 0.55 6 21.784 21.972 693.755

30 162.5 612.5 0.775 4 21.784 21.972 495.358

Table 3. 
Design cutting condition with CCD and experimental results.



39

Effect on Cutting Force during Hard Machining of AISI D2 Tool Steel Using AlCrN Coated Tool
DOI: http://dx.doi.org/10.5772/intechopen.81083

 Fz = +617.35850 −  6.72213   ∗  CS +  0.67715   ∗  FEED −  247.57141   ∗  DOC  
+  58.86704   ∗  WOC − 7.73236E −  003   ∗   CS   ∗  FEED − 1.0047  0   ∗   CS   ∗  WOC  
+ 1.3339  5   ∗   FEED   ∗  DOC + 0.0473  93   ∗   CS   2  +  10.93859   ∗   WOC   2   (2)

First and second order CCD models were represented by Both Eqs. (1) and (2) 
respectively, Results have indicated that cutting speed would give significant effect 
on cutting force values followed by feed and depth of cut.

From the above results, it is indicated that the error of linear model is much 
more compared to the error of quadratic model. The average error of the linear 
model was 0.06 derived by the equation and average error of linear model was 
0.02 derived by the equation. From that comparison, it is clear that the quadratic 
model is more reliable to predict the cutting force model with CCD design. Also it is 
revealed that the Central Composite Design (CCD design) is a very efficient design 
for fitting the second order model [13].

By using Eqs. (1) and (2), theoretical values are calculated and compared with 
practical value from Table 3. From that comparison, the average errors for linear 
and quadratic models are calculated using following equation;

Average Error (ε) for Linear model.
Avg ε (linear) = Σ sum of linear errors/Σ Total number of trial (T) = 0.06.
Average Error (ε) for Quadratic model.
Avg ε (quad) = Σ sum of quadratic errors/Σ Total number of trial (T) = 0.02.
From the above result, the percentage average error between measured and pre-

dicted cutting force of both models is less than 10% as well as the average percent-
age error for quadratic model being less than 5%.

4. Conclusion

This research work has been carried out to develop a mathematical model to 
predict cutting forces in end milling of AISI D2 tool steel by using the experimen-
tal results obtained through the concept of RSM. From the result, the first order 
(linear) model as well as the second order (quadratic) mathematic model have been 
developed. Validity or adequacy of the models has been evaluated by ANOVA, which 
indicates that the models are reliable. These models are valid within the ranges of 
the cutting parameters in end milling which for cutting speeds (Vc) was from 50 
to 200 m/min, feed (fz) was from 50 to 800 mm/min, axial depth of cut (ap) from 
0.1 to 1 mm and width of cut (ae) from 2 to 10 mm. Both models (linear and CCD 
quadratic) have shown similar trends. The percentage average of error between the 
measured and predicted cutting force of both models is less than 10% but we found 
that the average percentage error is less than 5% for the quadratic model.
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Chapter

A Review on Development and 
Fabrication Methodology for 
Vacuum Vessel from Aluminum 
Alloy
Rushit Mistry and Kaushal Bhavsar

Abstract

A vacuum vessel is an inflexible walled element inside which air and gases 
are evacuated, the outcome is a low-weight district vessel that is alluded to as a 
vacuum. A vacuum vessel is used in many applications, among one is in the space 
field for placing and carrying loads into space. The focus of this paper is to study 
and analyze the vacuum vessel, its development material and fabrication method 
by which vacuums that are sound, defect-free, leak-proof with a uniform strength 
are produced. After studying various research analyses and undergoing a literature 
review, Friction Stir Welding (FSW) has been proven to be a successful joining 
procedure for high strength aluminum alloys. This procedure has large benefits 
related to fusion and arc welding processes for joining aluminum alloy. This vacuum 
vessel work has been compiled for space application.

Keywords: aluminum alloy, vacuum vessel, fabrication methodology, friction stir 
welding, space application

1. Introduction

1.1 Significance of vacuum and vacuum vessel

The word “vacuum” comes from the Latin word “vacuus” which means empty 
or void of stuff. The vacuum categories include natural vacuum and artificial 
vacuum. Space is a region with supreme zero pressure from a natural vacuum. A 
perfect or entire vacuum, which suggests an area that is entirely void of matter, is 
unachievable on earth, but it is possible to generate and hold the lower pressure 
region referred to as an artificial vacuum by means of a vacuum vessel and vacuum 
generation pump. The objective of artificial vacuum generation techniques is to 
simulate the vacuum pressure environment. A vacuum in space can have a pressure 
less than 760 Torr.

A vacuum vessel is a compact, rigid, closed chamber in which air and other gas 
molecules have been evacuated by a vacuum pump. A vacuum vessel isolates the 
partial vacuum region from the outside atmosphere. The lowest pressures inside 
the vessel is reached by using modern vacuum pumping strategies where large 
amounts of molecules are evacuated. The core of the vacuum framework is the 
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vacuum chamber, which is customized to each application. It encloses the applica-
tion and reliably splits it from the outside or protects the surrounding from the 
processes inside. A vacuum vessel has numerous isolating ports that are covered 
with the flanges and this enables instruments or windows to be introduced in the 
dividers of the vessels.

1.2 Vacuum vessel classification

a. Based on manufacturing methods

1. Welded vacuum vessels

2. Forged vacuum vessels

3. Formed (extrude) vacuum vessels

4. Blow mold vacuum vessels

b. Based on geometric configuration

1. Plate to plate (square) vacuum vessels

2. Cylindrical vacuum vessels

3. Spherical vacuum vessels

4. Monocopue vacuum chambers

c. Based on type of vacuum

1. Low vacuum vessels (25–760 Torr)

2. Medium vacuum vessels (10−3–760 Torr)

3. High vacuum vessels (10−9–10−3 Torr)

4. Ultra-high vacuum vessels (10−12–10−9 Torr)

2. Findings of literature review

2.1 Vacuum vessel configuration with developing method

The vacuum vessel has been developed for different applications accord-
ing to the need of the achieved required vacuum range. For different material, 
many different methods are used for manufacture according to the type of base 
material used for the vacuum vessel. To develop a vacuum vessel, the following 
procedures have been used: arc welding methods like GTAW-Gas Tungsten Arc 
Welding, GMAW-Gas Metal Arc Welding, SAW -Submerge Arc Welding, MIEA-
Modified Indirect Electric Arc welding and other non-convectional welding 
procedures such as Nd-YAG laser beam welding, FSW-Friction Stir Welding and 
Electron Beam welding.
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2.1.1 FSW-friction stir welding fabrication to develop vacuum vessel

The friction stir welding process is shown in Figure 1 and is an autogenous joining 
technique in the solid state and it uses an in-between non-consumable revolving tool 
with an appropriate geometry profiled shoulder and probe pin that is produced from 
a harder material than the workpiece material. The rotating tool is plunged into the 
weld joint and compelled to navigate the joint line, heating the adjoining segments by 
interfacial and internal friction between the tool and base material, thus producing a 
weld joint through extruding, forging and stirring the materials of the workpiece.

The benefits of FSW include the ability to join aluminum alloy materials, which 
are difficult to fusion weld, for example, 2XXX and 7XXX series aluminum alloys. 
Other benefits of the FSW process are that it is easy to weld any configuration 
even a long weld, there is low distortion with fine microscopic structure, excellent 
mechanical properties proven by fatigue, shear and tensile tests, no shielding gases 
and consumable fill up welding rods required [1].

Dalder et al. [2] constructed a thick wall AA2219 material pressure vessel using a 
Bobbin tool friction stir welding (BTFSW). The whole research project was divided 
into two sections. The first section of research was focused on the development of 
the essential process to make defect-free circumferential weld joints between two 
102 cm internal diameter hemispheres made from aluminum alloy AA2219 by means 
of BTFSW. The second section of the project involved signifying that the developed 
weld joint was essentially adequate for the intended service period. This literature 
work revealed that the spherical configuration vacuum vessel of aluminum alloy 
AA2219 was successfully welded by the bobbin friction stir welding. From closing out 
the circumferential weld, a keyhole is present due to bobbin tool retraction. Friction 
plug welding was used to close the hole with the same material as the pressure vessel.

2.1.2 Fusion welding-TIG (tungsten inert gas) welding

Jadeja et al. [3] has been working on Limiter-based ADITYA tokamak, which 
was developed into the diverter designed ADITYA-U tokamak. The main feature 
of the ADITYA tokamak was that the rectangular cross-section of the vessel was 

Figure 1. 
Principle of friction stir welding.
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replaced by a circular cross-section to accommodate additional poloidal coils in the 
space between the wall of the vessel and toroidal field coil. The upgraded stainless 
steel SS304 L vacuum vessel has a spherical configuration developed by the manual 
operated TIG welding. To produce the joint in the section of the vessel and to join 
the nozzle and flanges attached to vacuum vessel outer surface, TIG welding was 
used to achieved ultra-high vacuum range of 1 × 10−9 mbar pressure in the chamber.

Ishimaru [4] has recognized research work on the aluminum alloy vacuum vessel 
in achieving an ultimate pressure of 10−13 Torr. Vacuum beam chambers in accelera-
tors generally require a complicated profile, having a distributed pump and heating 
and cooling structures. A complicated cross-section of the vessel was developed 
by an extrusion process using porthole dies. Aluminum alloy 6063-T6 provides 
superior performance during extrusion. The outer body and main chamber were 
developed by a special extrusion process and the three pieces of the main chamber 
were joined by tungsten inert gas (TIG) manual welding.

Chen et al. [5] has focused his research work on the bending magnet of SRRC 
synchrotron light source developed from AA6061-T6. To develop a 35 mm thick vessel, 
the AA6061-T6 plate is first machined with NC machining in an ethyl alcohol vapor. 
Subsequent to machining, the two thick plates of the B-chamber were extruded to 
obtain an elliptical cross-section and after that chamber, TIG welding was used with no 
other chemical cleaning procedure. For long circumferential welding, the base mate-
rial was preheated up to 70–80°C to prevent deformation. Then TIG welding was used 
for fabrication. After fabrication, at 150°C bakeout temperature, an ultimate vacuum 
pressure of 1 × 10−10 Torr and leak rate of 1 × 10−10 torr.l.s−1 was achieved.

Reich et al. [6] has conducted his research work on the development of vacuum 
vessels of wendelstein 7-X in, which is the superconducting magnet system that 
is bounded among two toroidal formed vacuum vessels. Research work has estab-
lished a manufacturing process adopted for fabrication. A one side (V) weld seam 
and double face (X) weld seam are filled and welded by TIG welding on stainless 
steel 316 LN ASTM. For the port, the opening is fabricated by water jet abrasive 
machining. During fusion welding the of vacuum vessel: weld distortion, backing 
out of vessel for higher temperature, non-uniform strength and quality of the weld 
are the problems faced during fabrication of vacuum vessel. Aluminium alloy can 
get oxide, warpage and distortion on the weld.

2.2 Vacuum system material selection

The general outline design of the vacuum structure is controlled by the kind of 
the progress involved and the ultimate vacuum pressure to be achieved in a specific 
application. The definite design outline will be influenced by the appropriateness 
and scope of the materials and accessible components obtainable and thus the 
particular choice of vacuum material is crucial for the performance and cost of the 
vacuum system to be optimized.

Vacuum vessel material selection criteria:

1. The material provides a lower surface and volumetric outgassing rate.

2. Completely non-magnetizable metal, which means magnetically neutral and 
relative permeability μ = 1

3. The material has superior thermal conductivity. High and ultra-high vacuum 
levels require quicker and high vacuum pumping so this material can bake-out 
quickly and consistently yet at low temperatures.
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4. Material with minimum residual radioactivity.

5. The material has higher chemical and corrosion resistance with excellent 
machinability and high weldability.

2.2.1 Vacuum vessel materials

The following are vacuum vessel materials which are most widely used.

1. Austenitic stainless steel is the most recognized and preferred material for 
high and ultra-high vacuum vessel systems. The outgassing rate for stainless 
steel is 6 × 10−9 Torr liter/sec/cm2.

• 304 L stainless steel: a lower carbon variant of steel that is used for ultra-
high vacuum region requirement system.

• 316 L stainless steel: low carbon and magnetic stainless steel

• 321 stainless steel: preferred when low magnetic permeability is needed.

2. Mild steel is utilized for modest vacuum pressure above 10−6 Torr. Material 
outgassing rate is lower (5 × 10−6 Torr liter/sec/cm2) with proper (e.g. nickel) 
plating.

3. Aluminum and its alloys [7] are another class of widely recognized 
vacuum materials for space industry utilization. They possess excellent 
machinability and have a lower outgassing rate of 7 × 10−11. Among the 
aluminum alloy series, 2XXX (Al-Cu), 6XXX (Al-Mg-Si) and 7XXX  
(Al-Zn) series alloys are easily and readily welded for vacuum application 
by solid-state friction stir welding. Aluminum wire rings are also utilized 
as economical gaskets in demountable seals. Ishimaru [8] has developed an 
aluminum alloy ultra-high vacuum system for the purpose of constructing 
a high-energy particle accelerator. During the course of the development; 
however, it turned out that it exhibits an extremely low outgassing rate less 
than 10−13 Torr/liter/cm2.

Chen et al. [6] developed and tested an aluminum vacuum chamber for 
bending magnet of the SRRC synchrotron light source. An aluminum alloy 
was chosen because it showed the minimum residual radioactivity among the 
available materials. Aluminum composites are generally utilized for the ultra-
high vacuum chambers because of their advantageous qualities such as great 
machinability, high thermal conductivity and low outgassing rate.

4. Copper has good machinability with higher corrosion resistance. Typically, cop-
per is incompatible for a high vacuum because of its outgassing difficulty. Copper 
is impervious to hydrogen and helium and has low affectivity to water vapor, yet 
it is assaulted by mercury.

5. Nickel is usually recognized as a mechanical component in vacuum tubes. 
It is fairly economical with respectable spot weldability and machinabil-
ity with a high melting point and is resistant to many corrosive fluids and 
atmospheres.

6. Tungsten material is utilized when vacuum systems are subjected to high-
temperature applications as well as for electron/ion filaments optics. When 
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tungsten is mechanically deformed or subjected to the extremely high- 
temperature region, it becomes brittle [9].

7. Brass is reliable for applications wherever a higher corrosion resisting ability 
and outgassing rate of 8 × 10−7 order is required. The outgassing rate of zinc 
can be controlled by nickel plating it. Adding zinc into brass may cause some 
difficulties for high and ultra-high vacuum region.

2.2.2 Flange and sealing mechanism material

In a vacuum system, the selection of the sealing material between two 
 contacting surfaces depends upon the flange type used. Following are the different 
sealing materials used (Table 1).

3. Applications of vacuum vessel

1. Space environment simulation technology: The most widely used vacuum 
vessel for space application is used in the space environment simulation 
laboratory. An ultra-high vacuum vessel provides a space vacuum situation 
on earth so that we can learn about the behaviour of any component in space. 
The vacuum vessel provides approximately the same vacuum pressure as in 
space.

2. Product testing and laboratory applications: To conduct product testing and 
study their behaviour at variable pressures facilitated by different vacuum 
pressure range of vacuum vessel.

3. Carrying loads into space: A vacuum vessel is used to carry and hold a load 
into space. While on earth, the load is put into the vacuum vessel and it will be 
opened in a vacuum.

4. Holding and processing plasma at low pressure: To  successfully hold and 
maintaining plasma below atmospheric pressure, a vacuum vessel is needed. 
The vacuum vessel is provided with a protective layer which cannot react with 
the atmosphere and plasma.

5. Thermal vacuum imitation: This is a vacuum chamber in which radia-
tive thermal environs have been controlled. The thermal vacuum simulation 
vessel provides a space where superior temperature and inferior atmospheric 
state is necessary for research.

No Flange type Vacuum level Sealing mechanism

1 KF Flange Medium to Very High 
Vacuum

Rubber type O-ring gasket
1. Neoprene: Up to High Vacuum
2. Viton: High and Very High Vacuum2 ASO/IS

3 Conflat Ultra-high vacuum Metal-based sealing

4 NEC

Table 1. 
Sealing mechanism selection [10].



Proceedings of the 4th International Conference on Innovations in Automation...

48

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 

6. Different atmospheric pressure simulation: A vacuum vessel provides a low 
pressure region which is below the atmospheric pressure to hold and store dif-
ferent chemicals at different pressures and allows them to be processed within 
the chamber.

7. Leak testing of the packaging: For any vacuum packaged object, it is leak 
tested in a vacuum chamber. If any leak is present in the packaging, the pres-
sure rises in the vacuum vessel.

4. Conclusion

Aluminum and its alloys have been widely used in the space, aerospace and air-
craft industry because of their certain suitable property like high strength to weight 
ratio, low outgassing rate (1 × 10−6 Torr-L/sec-cm2), high resistance to corrosion, 
high thermal conductivity, low solubility of hydrogen, economy and easy availability 
when compared to stainless steel. For space application, the product is lightweight, 
durable and extraordinarily strong, space-age aluminum alloys were the best choice 
to build vacuum vessels that have a very low outgassing rate and high vacuum hold-
ing capacity. To develop an aluminum alloy square configuration vacuum system, 
there are many methods, for example, friction stir welding fabrication process which 
results in sound, defect-free, leak-proof uniform material joints between two joining 
surfaces of aluminum alloys. Vacuum vessels developed by this method have very 
good dimensional stability without distortion of the surface, low leak rate with a 
high vacuum holding capacity when compared to fusion and arc welding.
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Chapter

An Optimization Model for 
a Manufacturing Plant Using 
Cellular Manufacturing: A Review
Mrugesh S Mistry and Kirti H Niralgikar

Abstract

Using machine cells, different machines are orderly clustered together with an aid 
of group technology concepts contributing towards lean manufacturing. Among the 
different optimization techniques, the suitable one can be adopted for optimization 
of manufacturing plant using cellular manufacturing. Plant layouts and the sequence 
of operations are to be analyzed. In the present work, by considering the static part 
population, a robust cellular manufacturing system is likely to be developed by con-
sidering multiple processing routes since robustness is the most advanced, trending, 
modern and prominent approach of cellular manufacturing. The cost can be consid-
ered as an objective function and can be optimized using Computer Aided Process 
Planning (CAPP) concepts as the CAPP is the only bridge (link) between CAD and 
CAM modules and is essential in all of the industries. Here, the review regarding the 
CMS and robustness is undertaken and highly emphasized.

Keywords: cellular manufacturing, robust CMS design, static part population, 
multiple processing routes, CAPP

1. Introduction

Job shop and flow type manufacturing systems are the traditional manufactur-
ing systems that do not satisfy needs of clients with low manufacturing operations 
cost and cannot maintain a quality level that signifies a capable production system. 
Mostly, time spent in non-productive activities by the jobs in job shop manufac-
turing majorly waiting in the queue is high and rest time spent is in lot setup and 
processing. For high production volume, the operation sequence of the product 
is considered for arrangement of machines and that is how line manufacturing 
works flow. The machines are specialized which are intended to perform limited 
fixed operations. So, flow line manufacturing system is not flexible. Nowadays the 
product design phase demands manufacturing systems which can be configured 
again as per requirement and these manufacturing systems should be innova-
tive enough to eliminate most of the drawbacks of conventional manufacturing 
methodology. Different types of parts can be recognized and put together in terms 
of their similarities in design and/or manufacturing attributes. GT is a unique 
philosophy whose concept is to find the solution of many questions with general 
rules. Efforts in terms of time and cost can be decreased using GT concepts 
(see Figure 1) (Table 1).
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2. Cellular manufacturing philosophy

In recent trends, a prominent example of GT implementation is the cel-
lular manufacturing philosophy. The similarity in design and/or manufacturing 
attributes among parts promotes standardization and common processing. The 
specialty of CMS is to divide the available machines into some machine cells [1]. 
CMS increases the flexibility and variety in production. This leads to limiting the 
drawbacks of job shop and flow type manufacturing philosophies. CMS offers main 
advantages like significant improvement in material flow, reduction in material 
storage, reduction in material handling. These advantages give reduced cumulative 
lead time as an outcome [1].

2.1 CMS approaches

Generally, there are two types of CMS approaches for the creation of machine 
cells and part families. (1) Simple CMS approach: This is used to alter part machine 
matrices and (2) The sophisticated CMS approach: This one is used to handle 
constraints like maximum cell numbers, varying demand for products and setup. 
Under each of these two, there are again two types of CMS according to part 
population. (1) CMS with static part population: The market demand and part 

Figure 1. 
Different levels of production quantity (volume) and product variety (flexibility) for production systems.

Sr. 
no.

Type of production Type of facility used Type of layout used

1. Job shop production Stand-alone machines Fixed position layout and 
process layout

2. Batch (lot) type production Cellular manufacturing system 
(CMS)

Cellular layout and process 
layout

3. Mass (quantity) production Transfer lines Process layout

4. Flow (continuous) type 
production

Continuous lines Product layout

Table 1. 
Types of facilities and layouts used for different types of production systems.
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population remain constant over a certain period of time in this type of CMS. This 
CMS is best suited for a single level planning horizon. (2) CMS with dynamic 
part population: The market-based environment is considered in this type of 
CMS. Particularly, varying demand of product in market and the machine break-
down have an effect on the performance of a CMS design from one period to other.

In real world manufacturing cases, design of CMS becomes difficult and essen-
tially requires allotment of resources in various machine cells and creation of part 
families. Therefore, a robust CMS design is necessary to be obtained to manage 
changes in size of the product demand, processing times, sequence of operations, 
material handling, plant layout and maintenance of machines without affecting the 
continuity of production [1].

2.2 A robust CMS design approach

In a particular cellular manufacturing environment, a robust model for constant 
production can be designed. Each part has multiple process plans and alterna-
tive process routes. Design of robust machine cell is considered where static part 
population is assumed. A part goes through the sequence of multiple manufactur-
ing operations. The sequential operations are carried out in different machine 
cells. They include similar machines having more than one scope of operations and 
restricted potential for processing part families [1].

Before clustering the machine cell, it is essential to determine the process route 
which is optimal rather than adopting multiple process routes predefined by users. 
At the starting of planning phase, this model can arrange machines in manufac-
turing cells and the optimum production plan can be determined after that. The 
motive of a robust CMS design approach is to optimize overall cost. Overall cost 
is affected by different costs: [1]. machine attainment cost (C1), machine working 
cost (C2), production cost for part operation (C3), intercellular material handling 
cost (C4), intracellular material handling cost (C5) and subcontracting cost for part 
operation (C6).

A robust CMS design has the following constraints [1]. Each machine has a part 
operation assigned to it. The part demand is satisfied in a predefined time frame. 
Inner part operation is limited to the capacity and availability of machines. The 
material flow conservation is taken into consideration. The number of machine types 
is less than or equal to the total number of the same machines. The cell size ranges 
between upper and lower cell limits. Logical binary and positive integers are essential 
for the formulation of equations with restrictions and constraints (Figure 2).

2.3  Robust optimization model (ROM)

This model was introduced in 1995 by Mulvey for handling the trade-off associ-
ated with the anticipated cost and its varying randomly determined programs [2].

Robustness has two types: solution robustness in which solution is near to 
optimum total scenarios and model robustness in which solution is near to feasible 
in total scenarios [2].

The main objective of robustness is “to find a robust solution which ensures 
that any realization of the scenario is almost the optimum in response to chang-
ing input data. Solution of model robustness should be robust with respect to 
feasibility if it remains “almost” feasible for all the scenarios” [2]. The goal 
of the proposed model is to optimize total cost of holding, material handling, 
external transportation and fixed costs for carrying out manufacturing opera-
tions for each part in each plant, machine attainment cost and to meet uncer-
tainty demands in various cases [2].
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3. Description of CMS study

Eric Molleman et al. proposed that cellular manufacturing system (CMS) should 
reflect the interrelated features like cell formation and functionally organized 
manufacturing units. Analysis of these features offers some factors that are required 
to be taken into consideration. The data mentioned here depends on document 
study and asking questions of different level employees. The documents analyzed 
consist of process planning sheets, performance reports and review cards of impor-
tant meetings and audits.

The main merit of cellular manufacturing is its ability to connect all types of 
sequential operations in the organization. Various manufacturing steps are put 
together through GT. Moreover, the sequential support functions including process 
planning and production planning can be more easily functionalized in the case of 
CM [3]. Logendran et al. found that allocation of parts and machines to every machine 
cells in CMS results in different types of features consisting grouping of parts into 
part families that is done by attainment of machines to part families and simultane-
ous arrangement of parts using GT. A relevant model and an algorithm have been 
developed and presented for converting an actual FM system into a CM system. All 
operational conditions and factors related to the analysis have been included in the 
development of the model [4]. Bazargan-Lari et al. described the use of the latest 
included model for designing cellular manufacturing, including the parts/machines 
and their clustering and material layout designs. Combined layout design can be 
extended to address all stages in the design of machine cells. It was shown how the real 
cell-formation algorithms can be modified and used to generate various part machine 
incident matrices. This proposed, combined model provides multiple efficient alter-
native solutions according to different cell-partition methods. It offers the means to 
calculate every alternative of major benefits and criteria such as needed area for manu-
facturing, calculation of material handling, machine criteria, planning horizon etc. The 
capacity of the proposed method was shown by applying it to a real manufacturing CM 
case [5]. Selim Akturk reported that the motive of the model is to optimize the altering 
cost of production subject to manufacturing and inventory balance constraints for part 
families and different items, capacity feasibility constraints for GT cells and resources 
over the planning horizon. An average planning model of the cell loading problem 

Figure 2. 
A robust machine cell design flow-chart.
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for CM systems has been developed to optimize the variable production cost. The 
proposed approach has several merits over models in the current literature on layer by 
layer planning and cell formation [6]. Shayan et al. reported some of the major results 
and discussions of the effects of using a cellular manufacturing environment on the 
production rate of people, management and facilities. The cell formation in the indus-
trial production unit under investigation clearly has positive results on the employee’s 
behavioral patterns such as committed work approach, innovative work patterns 
that causes better productivity. The performance improvement in turn decreases 
the production costs and causes quality improvement of the production [7]. Urban 
Wemmerlöv et al. reported a large number of research topics related to cellular manu-
facturing, discussed the necessity for their investigation and suggested proper methods 
for their study [8]. Ghezavati et al. reported a novel mathematical robust approach for 
a cellular manufacturing problem combined with important factors of supply chain 
network qualities in the presence of uncertain inner parameters and exterior param-
eters [9]. Wang et al. prescribed an assignment of machine-cells to linear locations in 
order to optimize the material handling cost for different cells occurred because of 
problematic machines in a cellular manufacturing system [10]. Burgess et al. compared 
a factory designed as a traditional job shop for the identical firm structured as a hybrid 
firm including cellular manufacturing unit [11]. Javadi et al. presented a comprehen-
sive model for cell formation and layout design in CMS [12]. Cao et al. formulated a 
mathematical programming technique for optimal lot division into alternative ways to 
consider for the effect of manufacturing run length on part quality in a CMS environ-
ment [13]. Logendran et al. developed and presented a new approach consisting of two 
important factors for deciding optimal and near-optimal machine-part incident matrix 
clustering in cellular manufacturing [14]. Madhusudanan Pillai et al. presented a new 
approach of robust design for creating part families and machine cells that can handle 
all the variations in demands and product mixes without any relocations [15]. Taboun 
et al. presented a mixed integer mathematical model for simultaneous machines and 
parts grouping and assignment when part incident machine mix matrices and demand 
changes across multiple timeframes according to forecasts and/or product life cycles 
[16]. Mak et al. presented a method to solve the manufacturing cell formation and 
the production scheduling problems for designing virtual VCMS [17]. Bazargan-lari 
et al. developed a new model based on merging pre-emptive goal programming and 
simulated annealing for machine layout in cells [18]. Mohammad Rezaei-Malek et al. 
considered decision-making as an operator’s personal quality index for designing a 
psychologically consistent CMS [19]. Vohra et al. presented a non-heuristic network 
approach to creating manufacturing cells with the least intercellular movements [20].

4. Conclusions

Considering single period production planning and part population with static 
market demand, a novel design of robust CMS can be developed.

• Without affecting the machine cell configuration, flexibility in planning of 
manufacturing operations can be obtained through RCMS. Also, the overall cost 
can be optimized as an objective function using robustness.

• The model can deal with the practical and realistic CMS problems. Thus, the 
technique of the robustness would be used to validate the results of CMS studies.

• Therefore, the details of this present reviewed work can be implemented to an indus-
trial case study of a radiator manufacturing plant using CMS regarding robustness.
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Chapter

A Review on Machinability
Aspects of Ti-6Al-4V: A Titanium
Grade 5 Alloy
Ayanesh Y. Joshi and Anand Y. Joshi

Abstract

Ti-6Al-4V (Grade 5) is a very popular titanium alloy used in the automobile,
biomedical, chemical and aerospace industries as it possesses properties like high
strength to low weight ratio, capability to retain strength even at elevated tempe-
ratures, corrosion resistance and very good biocompatibility. However, Ti-6Al-4V
possesses low machinability owing to its properties of low thermal conductivity,
high hardness and high chemical reactivity at elevated temperatures, and low
elasticity. This paper reviews the machining difficulties conferred by various
researchers and their apparent solution, which can assist in reducing tool wear and
achievement of a high surface finish. The impact of titanium properties on the
machinability is also discussed in the paper.

Keywords: titanium alloy, Ti-6Al-4V, machinability, tool-wear, lubrication effect,
chip formation

1. Introduction

Titanium and titanium alloys find their extensive application in the field of
aerospace as they have excellent specific strength (ratio of strength to weight) even
at raised temperatures, in addition to their exceptional corrosion resistance and
their fracture resistant characteristics. These characteristics have resulted in rapid
growth of titanium industries in the last few decades [1]. Titanium is gaining
popularity in commercial and industrial applications, such as chemical processing,
surgical implantation, petroleum refining, nuclear waste storage and pollution con-
trol, food processing, electro-chemical and marine applications [2, 36]. However,
titanium and titanium alloys are expensive because of the difficulty of melting,
intricacy of the extraction-process, fabrication and machining complications [2, 3].
Basic formation methods like forging (isothermal), casting and powder metallurgy
are followed to reduce the costs of titanium components [4, 5]. Longer service life
and excellent properties counterbalance the high cost of production.

The machinability of titanium and titanium alloys is poor because of several
properties of the materials. Siekmann pointed out that “Irrespective of the tech-
niques that are employed to transform titanium into chip, it’s machining would
always be a problem.” [6]. Chemically, titanium is very reactive and, hence, during
machining it might get welded to the cutting tool and lead to chipping and early
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failure of the tool. The tool/workpiece interface temperature will be high as it has
low thermal conductivity, which affects the tool life adversely. Because of the high
strength maintained at elevated temperatures and low elasticity, its machinability is
further impaired [7]. Many large companies like Rolls-Royce and General Electrics
have invested large sums of money in developing techniques to reduce machining
cost because of poor machinability of these alloys.

Researchers have attempted various methods to improve machining of titanium
alloy but cost is still a challenge to the titanium alloy part manufacturer and hence,
research has to focus on new technologies and methods. This article emphasizes
metallurgical aspects, chip formation, tool wear, lubrication during machining and
surface integrity of Ti-6Al-4V. These factors are responsible for manufacturing
challenges during working with titanium alloy. At the end, observations are sum-
marized along with some recent techniques and future research scope.

2. Metallurgical aspects of Ti-6Al-4V, titanium alloy–grade 5

Titanium is an element (atomic number 22; atomic weight 47.9 and symbol Ti) [8].
Pure titanium experiences a transformation (allotropic) at 882°C, changing from the α
- phase (low-temperature CPH structure) to the β - phase (higher-temperature BCC
structure). Alloying elements, such as oxygen (O) and aluminum (Al) cause an
increase in the transformation temperature, whereas tin (Sn) dissolved in titanium,
does not have such an effect, such elements are called α - stabilizers. Elements that
decrease the phase-transformation temperature are called β - stabilizers. Significant β
alloying additions are vanadium (V), molybdenum (Mo) and niobium (Nb). They are
generally transition metals [9]. Elements are alloyed in titanium to stabilize the α -
phase or β - phase that modifies the transformation temperature and changes the
shape as well as the extent of α + β field [10, 11]. Aluminum (Al) is a strengthening
element at ambient and elevated temperatures up to 550°C. The density (low) of Al is
a vital advantage. O, N and C are observed as impurities in commercial alloys. For
strength and fabricability, O is used as a strengthening agent to provide various grades
of commercially pure titanium.

The alloys are categorized into four main groups; (1) Unalloyed Titanium:
Alloys have excellent corrosion resistance but low strength properties which can be
improved by adding O and Fe. (2) α and near-α Alloys: These alloys contain α
stabilizers and have an exceptional creep resistance property. These alloys have
very minimum quantity β stabilizers, but behave more like conventional α alloys.
(3) α + β Alloys: At room temperatures, these alloys offer a mixture of α and β
stabilizers. They are largely used in aerospace industries and an example is Ti-6Al-
4V. (4) β Alloys: Alloys have significant quantity of β stabilizers and a high density
and high hardenability [39].

Wt % Material Wt % Material

0.005% Yttrium (Maximum) 5.5–6.75% Aluminum

0.20% Oxygen (Maximum) 0.05% Nitrogen (Maximum)

0.40% Other Elements (Total) 3.5–4.5% Vanadium

0.08% Carbon (Maximum) 0.015% Hydrogen (Maximum)

Balance Titanium 0.30% Iron (Maximum)

Table 1.
Chemical composition of Ti-6Al-4V.
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In the late 1940s, the Ti-6Al-4V alloy was developed. Ti-6Al-4V is sometimes
called TC4 and is a two phase α + β titanium alloy, with aluminum and vanadium as
alpha and beta stabilizer respectively. The Ti-6Al-4V alloy is the most commonly
and commercially used titanium alloy. Table 1 shows the chemical composition and
Table 2 shows the physical properties of the alloy.

It is noted from the property table that the alloy has good Mechanical properties
with respect to steel but has poor thermal properties. Ti alloys specific heat is higher
than steels but its volumetric specific heat is less as the density is much lower. The
strength is because of the alloying content but an increase in β content results in
poor machinability.

3. Machining of titanium alloy

Machinability of any material refers to the ease with which a material/metal can
be cut (machined) permitting removal of material with satisfactory finish effi-
ciently. The machinability index of a material is usually determined based on mea-
sures such as cutting force, chip formation, tool wear, cutting temperature, tool life,
surface integrity and chip size.

Ti-6Al-4V is categorized as a difficult to machine material by traditional
methods because of its physical, chemical and mechanical properties. Ti-6Al-4V has
high hardness, low elastic modulus, low thermal conductivity, strength at elevated
temperature and metallurgical characteristics that make it slightly more difficult to
machine than equivalent hardness steels. The influence of titanium alloys properties
on its machinability is summarized in Table 3 [13–16, 19].

Metallurgical properties of the material challenge the workpiece material in the
region near the cutting edge and lead to a severe strain and numerous physical and
metallurgical alterations [17]. Poor thermal conductivity of the alloys results in
accretion of heat in the primary shearzone that results in localized shear and chip
segmentation, leads to temperature increases and α - β phase transformation in the
secondary deformation zone [18].

Property Ti-6Al-4V
(annealed bar)

Ti-6Al-4V (solution treated
and aged bar)

AISI-1045
(cold drawn)

Tensile strength (MPa) 895 1035 625

Yield strength (MPa) 825 965 530

Elongation (%) 10 8 12

Reduction in area (%) 20 20 35

Modulus of elasticity
tension (GPa)

110 — 207

Hardness (Hv) 340 360 179

Density g/cm3 4.42 — 7.84

Specific heat J/kg.°C 560 — 486

Thermal conductivity
W/m.K

7.2 — 50.7

Table 2.
Physical properties - Ti-6Al-4V.
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3.1 Chip formation

To minimize the negative effects of the chip produced while machining on
cutting tool and surface of the workpiece, it’s important to comprehend the cutting
conditions as the chips produced during machining affects temperature of the
cutting zone, machining forces, workpiece’s surface integrity and tool life. The
analyses of chips developed during machining of titanium alloys indicated that
adiabatic shear (thermo-plastic instability) formation bands is the most studied
feature [20, 21]. In titanium alloys, when the degree of thermal softening goes
above the degree of strain hardening, adiabatic shear occurs [22]. While operating
at low cutting speeds, the initiation and propagation the crack starts from the tip of
the tool and spreads to the workpiece free surface and/or vice versa [23]. There will
be noteworthy periodic deviation of machining forces because of localization of the
shear, subsequently periodic variation of machining forces enforces fatigue to the
tool or might result in chipping or breakage of the cutting tool and hence is not
desired [24]. Experiments were carried out to form chips of Ti-6Al-4V at a high
cutting speed, ranging from 30 to 6000 m/min and the results indicated that the
segmentation structure changes at a cutting speed beyond 2000 m/min and there
was no variation in specific cutting energy [25, 26].

In the case of Ti-6Al-4V alloys, segmented chips form at all speeds, but at high
speeds it becomes continuous macroscopically and hence can be concluded that the
microstructural state of the material strongly influences the chip formation mecha-
nism. This is a major concern during machining of these alloys.

Property Description

Thermal
conductivity

• Concentration of heat on the tool cutting edge and face as the thermal
conductivity is low causes a negative effect on tool life

Chemical
reactivity

• Reactivity with gases such as hydrogen, oxygen and nitrogen leads to
formation of hydrides, oxides and nitrides respectively which cause reduction
in the fatigue strength of the alloy

• Development of hard solid-solution owing to internal diffusion of oxygen and
nitrogen cause surface hardening which increases tool wear and reduces the
fatigue strength of machined surface

• Smearing and chipping of the workpiece surface as reaction between
workpiece and cutting tool material causes rapid tool wear

Elastic modulus • Because of low elastic modulus, slender workpiece allows deflection under
tool pressure, causing chatter and tolerance problems

Hardness and
strength

• Higher cutting forces are required to machine because of high temperature
strength and hardness of titanium alloys, resulting in deformation of the
cutting tool during cutting process

• Because of high dynamic shear strength of the alloy, during cutting process
abrasive saw-tooth edges are generated which induces tool notching

Work hardening • The work hardening causes nonexistence of built-up edge at the rake surface
of the tool which increases the shearing angle that results in a thin-chip to
contact a fairly trivial area on the cutting face and hence subsequent raise in
bearing loads per unit area

• Because of the friction between the chip and the bearing area combined with
high bearing stress, there is a remarkable heat increase in a very small area of
the cutting tool which results in formation of craters close to the cutting edge
and promotes rapid tool breakdown

Table 3.
Titanium properties and its effect on machinability.
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3.2 Surface integrity

It is the nature of the surface of a workpiece after being modified by a
manufacturing process that has a noteworthy impact on the product reliability,
performance and durability. These modifications include metallurgical, chemical,
mechanical and other changes. Though the changes are restricted to a thinner
surface layer, it might have a limit on the component quality or render the surface
unacceptable. So it’s important to improve the product’s quality. Surface integrity is
a prime requirement as titanium is used for parts requiring the highest reliability.
During machining, the surface of these alloys is easily impaired due to its poor
machinability. Therefore, it is required to optimize process parameters for
improved surface finish and tool life. The damage appears in the form of work
hardening, formation of heat-affected zones, micro cracks, built-up edge, and
tensile residual stresses [12, 37].

3.3 Cutting fluids

Cutting fluids are used to reduce high temperatures generated in the machining
zone during machining. Use of cutting fluid increases the tool life, improves surface
conditions and increases process efficiency. M. Venkata Ramanaa et al. performed
an experiment at low cutting speeds at different machining conditions such as dry
machining, using servocut oil mixed with water and synthetic oil conditions to find
out its effect on surface roughness. Experimental results indicated that for dry
machining, higher cutting speeds resulted in higher surface roughness compared to
servocut oil mixed with water and synthetic oil conditions. Results indicated that,
compared to other conditions, with synthetic oil, the surface roughness is less
[27, 28]. Researcher Ibrahim Deiab et al. explored the effect of various lubrication
parameters on the surface roughness (Ra) [29].

At a higher feed rate, surface roughness is higher. For synthetic oil conditions,
the surface roughness is low at lower feed rates, but at higher feed rates, surface
roughness is high for servocut oil added with water conditions compared to dry and
synthetic oil conditions.

Surface roughness is low for lower depth of cut for synthetic oil conditions
compared to dry and servocut oil with added water conditions. Results also indicate
that the value of surface roughness is high for a higher depth of cut for synthetic oil
conditions compared to dry and servocut oil mixed with water conditions [28]. It is
understood that at low feed rates, the surface roughness is less and it increases as the
speed increases for the same feed rate. Conventional flood cooling mechanism is
preferable when operating at low feed rates and cryogenic machining is to be used
when operating at higher feed rates for better results.

Moaz H. Ali et al. modeled a finite element model to forecast the effect of varied
feed rates on surface roughness for dry milling conditions. FEM can help us to
reduce machining time and manufacturing costs at the same time. Accuracy of the
experimented and predicted cutting force values was about 97%. Results also indi-
cated that the cutting forces had an insignificant effect on surface roughness [29].

3.4 Tool wear

The tool wear depends on tool and workpiece material, tool geometry, machin-
ing parameters, machine-tool characteristics and application of cutting fluids. The
wear land is the cutting tool area near the cutting edge, which gets worn while
machining [31]. The basic types of tool wear are flank wear and crater wear. Tool
wear characteristics are signified as a relation between material wear and sliding
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distance. Tool wear occurs in three different regions. Region 1 - Initial wear
region: where wear rate is relatively high as it is depending on accelerated wear due
to damage of tool layer while manufacturing, Region 2 - Steady-state region:
where normal operation for the cutting tool occurs, Region 3 - Severe wear region:
which ends with failure. In this region the cutting forces and temperatures are high
accompanied by severe tool vibrations.

Crater wear occurs on the rake face of the tool and forms a crater. Severe
pressure and temperature loads acting on the rake face causes diffusive wear of the
chip material in cutting tool material on the rake face. Crater wear is temperature
sensitive and depends on the tool material’s solubility in the chip material. Flank
wear is wear formed on the cutting tool’s flanks. Abrasion of the clearance face
against workpiece material causes flank wear. Li, Zhang andWang investigated tool
life and cutting forces in end milling operation of Inconel 718 using dry and MQL
cutting conditions [30].

4. Techniques for enhancement of machining of Ti-6Al-4V

Various techniques to enhance machining efficiency of Ti-6Al-4V are summa-
rized here. Most of the techniques make use of especial cooling or lubrication
methods for temperature control and friction at the tool-workpiece interface.

• Dry cutting: Machining in the absence of lubrication. Cutting speed selection
is very critical as absence of cutting fluids causes rise in temperature (cutting),
hasty tool wear and subsiding workpiece surface integrity [32].

• Flood cooling: The technique uses inoculation of ionized gas and ozone
molecules in the cutting zone, which is ecological, low-cost and has proven
itself to reduce tool wear and improve tool life [33].

• Minimum quantity lubrication: In this technique, a small amount of lubricant
is directed to the cutting edge, which reduces the temperature, surface
roughness and cost. The usage of vegetable oil is better in terms of safety,
health, cost and environment [31].

• Water vapor: Usage of water vapor is environmentally compatible,
economical, and healthy but it reduces cutting force and tool life. Removal of
heat is 2.5 times faster compared to oil [29, 31].

• Cryogenic cooling: Liquid nitrogen is used as a lubricant under pressure and
at low temperature. The technique improves tool life and it is clean and non-
polluting even at higher feed rates [40].

• Solid lubricants: Molybdenum disulphide and graphite are the most
commonly used solid lubricants. At higher cutting speeds, solid lubricants
perform better. These lubricants results in lower environmental pollution and
have the capacity to lower the cutting temperature.

• Hot machining: In this practice, a pre-heated workpiece is used to minimalize
the force requirement and to improve surface finish and tool life. High
frequency induction, laser beam, and other techniques are used for pre–
heating [34].
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• Rotary tooling: In this case a round insert keeps revolving about itself and is
driven externally by the cutting force effect simultaneously. Due to continuous
rotation of the cutting edge, tool wear reduces as the position continuously
changes [35].

• Chip breaker: Chips are broken into minor pieces by the use of inserts having
chip breaking geometries or by adopting other methods like oscillating CNC
toolpaths, facilitates its handling and evacuation.

• Ramping: In this technique, the tool-workpiece are continuous shifted to
change the respective contact length, results in wear distribution on a larger
area and, hence prevents notch wear.

5. Summary/Conclusion

Ti-6Al-4V alloy is extensively used in various engineering and biomedical appli-
cations. After reviewing the literature, experimental results and predicted models
on machining of Ti-6Al-4V, the following conclusions are drawn;

• The low thermal conductivity of Ti-6Al-4V alloys results in an accumulation of
heat at the tool-workpiece interface which accelerates tool wear and adversely
affect economy of machining. To machine Ti-6Al-4V conventionally, low
cutting speeds, high feed rates, a huge quantity of cutting fluids, sharp tools
and a rigid set-up are essential.

• Advanced tool materials like PCD or CBN can be used for machining Ti-6Al-
4V alloy at high cutting speeds but their life is limited by generation of
extremely high temperature and stresses.

• Coated carbide cutting tool, high-pressure spindle lubrication system or ledge
tool might be used to improve machinability. Performance of a Ti-Al-N coated
carbide-cutting tool for hybrid machining at all cutting speeds is 2–3 times
better than an uncoated carbide tool.

• Rigid clamping is necessary to avoid the effect of low elastic modulus of
titanium alloy to result in chatter free surfaces.

• Electric discharge machining can be used as a machining process as it is
proficient of machining all materials (electrically conductive) regardless of
their hardness as in the process the electrode and workpiece do not come into
direct contact, which eliminates the mechanical residual stresses and chatter or
vibration problems during the machining.

• The material removal rate achieved while using combination of electric
discharge machining (EDM) and ultrasonic machining (USM) process is higher
than the conventional EDM and hence there is good potential to increase the
machining efficiency.

• Economic analysis showed that use of Laser Assisted Machining or hybrid
process with a coated tool (TiAlN) could yield a 30–40% saving in overall
machining costs [38].
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• Future work may be directed towards use of newer blends and methods of
application of lubricants, design of new tools, use of non-traditional machining
methods like Laser Assisted Machining or Electric Discharge Machining for
sustainable machining of titanium alloys.
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Chapter

Dual Axis Solar Tracker
Smita B. Joshi and Neha D. Upadhyaya

Abstract

Solar energy, available nearly everywhere on the globe, is a good alternative for 
our day to day energy requirements. Harnessing solar energy requires techniques as 
it is a challenging task to move the solar module with the sun. The device that makes 
the movement of solar module according to sun’s movement is known as a solar 
tracker. Generally, there are two types of solar trackers: (1) single axis solar tracker 
and (2) dual axis solar tracker. In this paper, we have used the dual axis solar tracker 
for comparison with stationary solar modules. A total of 20 solar modules, each of 
capacity 75 W, were tracked with a dual axis tracker system. The current and voltage 
were measured by varying rheostat. Current vs. voltage and power vs. voltage char-
acteristics were studied with plotting the respective graphs. Nearly 30–35% power 
enhancement was observed with this dual axis tracking mechanism.

Keywords: efficiency, fill factor, maximum power point tracking, solar tracker

1. Introduction

The conventional energy sources are depleting very fast resulting in a crucial 
shortage of fuels. The high demand of fuel causes an increase in their price. It’s time 
to switch over from conventional energy sources to nonconventional energy sources 
such as wind energy, tidal energy, solar energy etc. India is blessed with tremendous 
solar energy. Gujarat, Rajasthan, Tamil Nadu, Maharashtra states receive remarkable 
solar energy. Solar energy is clean, unpolluted, environment friendly and its con-
version into electrical energy is highly promising. It needs very small maintenance 
and cleaning of the solar modules for more absorption of solar radiation. The solar 
cell cost is decreasing due to latest research in different materials and increasing 
their demand in global markets. Exponential increase of sales in this market with 
strong growth projection for the coming years is visibly reflected [1]. The conver-
sion efficiency of almost all parts of the solar modules have increased up to 20% due 
to constant development of the technology but still it is not sufficient. Beltran and 
Stalter’s continuous study in solar energy harnessing technology mentions several 
solutions to raise the conversion efficiency of solar PV modules. Tracking of solar 
PV modules on a single axis and dual axis [2, 3], optimizing the geometry of solar 
cell for increasing its packing density and thereby reducing the area required by 
the PV module have been tried by Morega et al. [4, 5]. In 1997, Jorgensen et al. [6] 
tried to enhance the light trapping capacity of the thin crystalline cells by utilization 
of thin structures on both the sides of wafer and Andreani et al. [7] used thin film 
silicon cells with photonic pattern. Basor used crystalline silicon on glass (CSG) 
with polycrystalline silicon technology that requires less than 2 microns thickness 
and discussed some of the difficulties faced in developing the new techniques [8]. 
Storage of electrical energy is very difficult but this problem was solved by using 
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an electrochemical cell. The novel material Cd4GeSe6 was tried by Turmezei [9]. 
The power produced by solar PV modules strongly depends on the incident light 
radiation which becomes maximum when the radiation is normal to the surface of 
PV module. This is attained by mounting the solar PV module on a solar tracking 
device which follows the trajectory of sun. The solar tracking systems, also known as 
sun tracker, automatically searches for the optimum PV module position by means 
of intelligent drive unit that receives input signals from dedicated light intensity 
sensors [10].

2. Assumptions for sizing PV systems

1. Precise estimation of solar radiation data:
It is assumed that the solar radiation available at the location is 6000 W/m2 per 

day. The system should be designed for the month of lowest radiation.

2. Sun-tracking of solar PV modules:
Solar PV modules are considered fixed. Normally when modules are tracked to 

follow the sun, more energy can be generated using the same set of PV modules. 
Power enhancement is about 30% with the help of dual axis solar tracker but extra 
cost is required to implement the sun-tracking mechanism.

3. Ambient temperature in which modules and batteries are working:
The ambient temperature affects the performance of the modules and batteries. 

The performance of the PV modules and batteries degrades as the ambient tem-
perature increases above 25°C. Knowledge of the variation in ambient temperature 
over the year can be useful in estimating the real output from the PV modules and 
batteries.

4. Type of PV technology used in the system:
The performance of the modules of different technologies (but same wattage) 

varies under the same operating conditions. For instance, a thin film module 
made up of amorphous Si performs better in cloudy conditions and early morning 
conditions than the module made up of crystalline Si wafers which is chosen.

5. Type of batteries used:

1. Primary batteries: The primary batteries are non-rechargeable batteries. 
These batteries cannot be recharged once they have discharged and must 
be discarded.

2. Secondary batteries: Secondary batteries are rechargeable batteries. These 
batteries can be charged and recharged several times.

3. Solar power plant with solar tracker

3.1 Solar power plant

A solar power plant with dual axis auto tracking system was designed, developed 
and installed at the terrace of our Department of Physics by technical officers. It can 
generate a maximum 1.5 kW of electrical power through 20 multi crystalline solar 
panels of 75 W generation capacity each. To improve the power generation capacity, 
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an indigenously designed and developed dual axis tracking system was attached to 
the plant [11].

3.2 Dual axis solar tracker

Figure 1 shows the dual axis tracking system which is uniquely designed on 
sensor based technology avoiding the need for manual programming from time to 
time. It can generate a maximum of 1.5 kW of electrical power through 20 multi 
crystalline solar panels of 75 W generation capacity each. The maximum power 
generated/day was approximately 6 kW out of which only 5 W was consumed by 
the tracker for automatic tracking mechanism. It was observed that there were 
maximum 3400 horizontal rotation and 700 vertical tilting of tracker. As the 
maximum base capacity of the tracker was of 3 kW, extra 20 panels each of capacity 
75 W can be attached to double the power generation. The batteries connected in 
circuit stores the excess power which can be utilized during non-solar conditions. 
To study the increase of power generated in tracking mode, the test was repeated in 
fixed mode and tracking mode.

Initially, the tracker was tested in fixed position at the latitude angle of 22°E 
at Vallabh Vidyanagar, Gujarat, India. To study the increase of power gener-
ated in tracking mode, the test was repeated in tracking mode. Figure 2 show 
fixing the angle of solar tracker with angle finder. Figure 3 shows the junction 
box which is an essential part connected at the back of the solar module. There 
were two bypass diodes for 36 series connected cell in PV module. For calcula-
tion of efficiency of the PV module, both output power and input power were 
measured. The output power can be calculated by measuring voltage and current 
by voltmeter and ammeter respectively. The rated power of the multi crystal-
line SiN module is 75 W. Module efficiency is 11.6% which is less than the cell 

Figure 1. 
Dual axis solar tracker.
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efficiency 13.2%. This reduction of efficiency is due to deposition of unequal 
solar cells in module.

4. Results and discussions

4.1 Current voltage characteristics of solar module

To find out various current–voltage points of the PV module, resistances R of 
different values must be connected with the PV module. For such variable resis-
tance requirement, a rheostat (200R, 2.5 A) was used. Before doing the connections, 

Figure 2. 
Fixing the angle of tracker.

Figure 3. 
Junction box.
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the open circuit voltage (VOC) is to be measured by connecting voltmeter across PV 
module’s terminals (without connecting any load or rheostat). In the same manner, 
the short circuit current (ISC) is to be measured by connecting ammeter in series 
with PV module (without connecting any load).

Current versus voltage characteristics were studied by connecting the rheostat 
to a low resistance value. For the lowest resistance value, current and voltage values 
were recorded. After that, the knob of rheostat was slightly moved and voltage and 
current were noted down for this new position. This was repeated until the highest 
value of resistance in rheostat was reached. The tabulated I-V points were plotted. 
Experimental set up is shown by Figure 4.

4.2 Maximum power point tracking (MPPT)

Figures 5 and 6 show the current-voltage and power-voltage characteristics 
of the solar module in the tracking mode condition respectively. It is observed 
that the maximum power Pm varies with time. The average power generated is 
51.54 W.

Figure 4. 
Experimental set up for I-V characteristics of solar module.

Figure 5. 
I-V characteristics of PV module.
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The three main parameters derived from the characteristics of current voltage 
and power voltage graphs are:

1. Open circuit voltage VOC: The maximum voltage when the resistance is maxi-
mum (infinity). At this point, current becomes zero and as a result power also 
becomes zero.

2. Short circuit current ISC: The maximum current when the resistance is 
minimum (zero). At this point, voltage becomes zero and hence power also 
becomes zero.

3. Maximum power point tracking (MPPT): When a solar PV module is used 
in a system, its operating point is decided by the load connected. Solar radia-
tion falling on a PV module varies throughout the day, the operating point of 
module also changes throughout the day. In order to ensure the operation of 
PV modules, a special method called Maximum Power Point Tracking (MPPT) 
is employed in the PV system. It is based on the principle of independence 
matching between load and PV module.

The factors affecting electricity generated by solar PV module are conversion 
efficiency (η), amount of incident light, operating temperature, solar cell area and 
angle (θ) at which light falls.

It is the percentage of radiation input power converted into electrical power:

  η =   Pmax ______ Pin × A   × 100  (1)

Where Pin = Input Power (W/m2), η = efficiency (%), Pmax = Maximum  
power (W), A = Area (m2).

The insolation available for the month of January was between 800 and 
900 W/m2 during 10 am–3 pm. The power generated in tracking mode is more 
than 50 W throughout the day (11 am–5 pm) but for non-tracking mode, the 
power generated varies from 10 to 55 W. If the panel is kept in tracking mode, 
there is an increase in its efficiency.

Figure 6. 
P-V characteristics of PV module.
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5. Conclusions

When solar cells are mounted in a photovoltaic module, their efficiency 
decreases as the cells are not perfectly identical. The spacing between the cells is also 
one of the causes of reduction of efficiency as efficiency is inversely proportional to 
the area of the PV module. It is observed that the effective input power for tracking 
mode will be nearly constant with time and as a result of this the generated power 
also remains constant with time. The maximum power generated was 53.87 W 
while the minimum power was 46.89 W. Nearly 30–35% power enhancement was 
observed with this dual axis tracking mechanism.
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Chapter

Prediction of Failure Using 
Forming Limit Curve in FE 
Analysis of Aluminium Alloy
Anand Dhruv and Gajjar Nilesh

Abstract

In sheet metal forming, the failure criteria is decided by the forming limit 
curve (FLC). The FLCs are mainly determined experimentally, but it is time 
consuming and not cost effective, and there are quite a few problems connected 
to such procedures. Therefore we need to produce FLCs using other methods. 
So discussed in this paper are some issues related to the use of the finite element 
method (FEM) for this purpose. This paper focuses on some procedures of limit 
strain prediction such as experimental methods, theoretical/analytical methods 
and FE-simulations. Herein the focus is on the use of the FEA. In the post proces-
sor of LS DYNA, the most widely used FEA package for metal forming analysis, 
the FLC is predicted by means of empirical correlation which depends on material 
properties such as strain hardening exponent (n) and sheet thickness (t). For 
verification and accuracy of the correlation, experimental tests were carried out 
for aluminium alloys for FLC.

Keywords: sheet metal, aluminium alloys, forming limit curve (FLC), finite element 
analysis (FEA)

1. Introduction

Sheet metal forming is a process in which flat thin blanks are deformed per-
manently to produce a wide range of products i.e. very simple sheet metal parts to 
complex three dimensional objects. Common parts made by sheet metal forming 
processes include automobile body panels, fuel tanks, aircraft parts and kitchen 
appliances, food and drink cans.

Aluminium alloys are now-a-days replacing the steel in the automobile 
industry since they have lower weight, comparable strength and high corrosion 
resistance and they reduce the vehicle weight and hence are able to achieve bet-
ter fuel consumption [15–18]. Hence the formability of aluminium alloys needs 
to be studied.

The ability of a sheet metal to be formed in a given process without failure 
is known as formability. The understanding of formability is essential for 
successful forming of sheet metals into desired shape without any defects. 
The formability depends on different factors such as material properties such 
as ductility, ultimate tensile strength, anisotropy, die and punch design and 
process variables such as lubrication, blank holding force etc. As the effect 
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of these parameters is complex, no single parameter can adequately measure 
formability [1–5].

Most of the formability tests give a rough indication of formability only in 
one single mode of deformation. The forming limit curve (FLC) (Keeler and 
Goodwin) is important for finding the limit stains where necking occurs in a 
sheet metal for all modes of deformation. Hecker in the 1960s developed some 
simplified techniques to evaluate the FLC. A typical FLC is shown in Figure 1. 
It is a pictorial representation of limit strains of a sheet metal which was sub-
jected to different load paths, usually plotted as major principal engineering 
strain vs. minor principal engineering strain. The combination of major and 
minor strain points below this curve represents the safe region and this curve 
puts a limit up to which the forming operations can be done without necking or 
fracture [6–9].

2. Finite element analysis

In this research work, the finite element simulation has been carried out for the 
prediction of failure in stretch forming of aluminium alloys. The FE simulation was 
carried out in Dynaform 5.8, commercially available dedicated software meant for 
metal forming applications. It contained the preprocessing (auto generated mesh-
ing, tool arrangements, draw bead location) and post processing factors (anima-
tion, forming limit plot, deformation). The Dynaform uses LS DYNA (it is an 
explicit time integrating dynamic solver) in conjunction with the preprocessor and 
the LS-POST post processor.

Die 
diameter

Hemispherical botto 
punch diameter

Blank holder 
diameter

Die 
corner 
radius

Drawbead 
diameter

Blank 
thickness

104 mm 101.6 mm 255 mm 10 mm 132 mm 1.6 mm

Table 1. 
Design parameters for stretch forming.

Figure 1. 
Forming limit diagram.
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The stretch forming was carried out using a 101.6 mm hemispherical diam-
eter punch. The design parameters are given in Table 1. The blanks used are 
175 mm × 175 mm, 175 mm × 100 mm and a modified blank design of 25 mm width 
which ensures all modes of deformations, such as biaxial stretching, plain strain 
and compression-tension region.

All tools were considered to be rigid bodies and the blank was taken as a deform-
able body and it has been meshed as quadrilateral shell elements. The default shell 
element formulation is BELYTSCHKO-TSAY, it is generally used in similar simula-
tions. Draw bead is defined as line bead and was locked at the die. The ‘forming-
one-way’ type contact interface is used for defining the contact. The arrangement 
of meshed tools and blank is shown in Figure 2.

The details of material properties and process parameters required for simula-
tion were experimentally carried out and are shown in Tables 2 and 3 respectively.

3. Simulation results

As shown in Figure 3, the simulation results of the stretch forming for different 
blank sizes width varied from 175 to 25 mm. The forming limit diagram and the 
failure is predicted based on the correlation already presented in the post processor 
of LS DYNA.

Figure 2. 
Tools and blank in FEA.

Grade Thickness YS (MPa) UTS (MPa) n K R

AA-2024 1.6 mm 78 173 0.353 422 0.501

Table 2. 
Material properties data.

Punch travel Punch speed Coefficient of friction Blank holding force

40 mm 1000 mm/sec 0.125 15,000 N

Table 3. 
Process parameter data.
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4. Experimental determination of forming limit diagrams

As suggested by Hecker [6], samples of varying width were deformed using a 
101.6 mm hemispherical punch. The width was varied to obtain all possible defor-
mation modes i.e. biaxial, plane strain condition and compression-tension. The 
schematic diagram of the arrangements of tools used in experiments is shown in 
Figure 4.

Samples of different width varying from 100 to 175 mm with constant length 
(175 mm) and a hourglass shaped specimen with widths having 25, 50 and 75 mm 
were prepared for punch stretching experiments (Figure 5). These blanks were cut 
with length perpendicular to the rolling direction. These metal blanks were laser 
marked with 5 mm diameter circles. These grid-marked specimens were deformed 
with a hydraulic press of 100-tonne capacity having double action. The LDH tests 
on samples of different widths were done on the hydraulic press using the experi-
mental setup. The experiment was not continued when a visible necking or fracture 
was obtained on the samples, deformed specimen are shown in Figure 5.

Major strain and minor strains have been calculated by calculating major and 
minor length of ellipses on the deformed samples. A travelling microscope having at 
least a count of 0.001 mm was used to calculate major and minor length of ellipses 
for strain calculations. The major strain and minor strains in the necking region 
were measured and FLCs were drawn such that strains at necking/fracture lie above 

Figure 3. 
Simulation results of stretch forming from different blank widths.
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Figure 4. 
Setup for LDH test.

Figure 5. 
Specimens before and after experiment. (a) Specimen before deformation and (b) specimen after deformation.

Figure 6. 
Experimental forming limit diagram.
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the line as shown in Figure 6 [11–14]. The limited dome height (LDH) of all the 
samples at the point of necking was measured using a vernier height gauge.

5. Theoretical method for predicting the FLC using Sing and Rao’s 
method

Sing and Rao [13] have proposed another method for predicting the FLC by 
means of tensile testing results. This method uses the material properties deter-
mined by simple tension.

The Sing and Rao method for developing the FLC was programmed in 
MATLAB. This method uses tensile properties like UTS, n, K and R for predicting 
the FLC.

Using the n value, the critical strain for localised neck was calculated by the 
equation:

   ℇ  1L   = 2n,  ℇ  2L   = 0  (1)

The equivalent strain at this localised strain can be calculated using the equation:

  ℇ ̄   =   [  (  1 + R ________ 
 (1 +  2   M−1  R) 

  )    
  1 ______  (M−1)     (  | ℇ  1  |      

M ____ M−1    +   | ℇ  2  |      
M ____ M−1   )   

 
 
 
+   (  1 + R ____ 2  )    

  1 ______  (M−1)     (1 −   (  1 _______ 
1 +  2   m−1  R

  )    
  1 ____ m−1  

 )  (  | ℇ  1   +  ℇ  2  |      
M ____ M−1   ) ]    

  M−1 ____ M  

   (2)

From the equivalent localised necking strain, the localised neck stress was 
determined with this equation:

    ̄  𝜎L   = K   ( ε ̄  L)    n   (3)

Figure 7. 
FLC using Sing and Rao method.
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The mechanical properties and the localised neck stress of the aluminium alloys 
were used for the Sing and Rao method.

From this, a limit yield stress curve was plotted using Hill’s yield criterion.

   ( |  𝝈  1     M |  +   | 𝝈  2  |    M )  + R   | 𝝈  1   −  𝝈  2  |    M  =  (1 + R)    𝝈 ̄     M   (4)

Using a linear regression method, this FLC was converted into a straight line 
(linear FLC). Depending on the material properties, the limit yield stress curve will 
change accordingly. The value of stress corresponding to each point on the linear 
FLC can be calculated by the equation. FLC is shown in Figure 7.

6. Comparison of different methods for predicting FLCs

A comparison of the FLCs of simulation, experimental and Sing and Rao 
method is shown in Figure 8. It is clear that the FLC generated from the post 
processor using the existing correlations predicts the FLC much higher as compared 
to the actual experimental FLC.

The FLCs predicted by Sing and Rao’s method are compared with the FLCs 
predicted with the developed correlation and with the experimentally determined 
FLC. The minimum value of major strain did not appear exactly at the plain strain 
condition i.e. at FLC0. Using this method, limit strains with higher negative minor 
strains could not be predicted due to nature of the yield locus and the material 
properties. Figure 7, it is seen that the Sing and Rao method also overestimates the 
limit strains compared to the experimental curve and in most cases, the FLCs gener-
ated by the developed correlation are closer to the experimental curves.

7. Conclusions

The following conclusions are drawn:

1. FLCs generated from the post processor using the existing correlations predict 
much higher limit strains when compared to the actual experimental FLC.

Figure 8. 
Comparision FLC different methods.
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2. The theoretical model proposed by Sing and Rao’s method with tensile proper-
ties as the input has also been used to predict FLC and it has been found that 
this method also overestimates the limit strains.

3. The FLCs generated in the post processor with the above developed correla-
tion are much closer to the experimental curves. So, FEA tool can be used for 
predicting the failure.
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Chapter

Triple-Walled Carbon Nanotube 
for Strain Sensing
Minesh Patel, Anand Joshi and Ajay Patel

Abstract

This manuscript deals with the triple-walled carbon nanotube used for strain sensing 
at the nanolevel. The strain sensing occurs because of the shift of resonant frequency due 
to external loading on the pre-strained resonator. In the present work, the strain effect 
on triple-walled carbon nanotubes of different lengths and diameters are investigated 
under various conditions. The sensitivity of these sensors are improved with the decrease 
of tube length, while the key recurrence is upgraded with the expansion of tube distance 
across, in the case of axial strain sensing. The effect on the frequency is not significant 
with variation in the middle and outer wall length. The triple-walled carbon nanotube of 
the same length has higher frequency for bridge boundary condition when compared to 
the cantilevered boundary condition, so bridge boundary condition triple-walled carbon 
nanotube is more favorable for strain sensing.

Keywords: triple-walled carbon nanotubes, finite element method, strain, vibration, 
frequency

1. Introduction

Strain sensors have a broad range of applications in engineering, manufacturing 
and for measuring various quantities, such as stress, pressure, torque and vibration. 
Regardless of its exceptional characteristics, it has many limitations that consider 
traditional stress sensors like semiconductor and metallic stress gauge, measure-
ment limits, low sensitivity, difficulties embedded in material structures, reduced 
fatigue life and sensitivity to environmental conditions. These limits have increased 
the demands for using innovative smart materials, e.g. silicon [1], nanoparticles 
[2–4], nanowires [5, 6], graphene [7–9] and carbon nanotubes (CNTs) [10–15].

Carbon nanotubes offer limitless opportunities as high frequency mechanical 
resonators for a number of applications. Nanotubes are ultralight, which is ideal for 
ultralow mass detection and ultrasensitive force detection [16, 17]. CNTs are poten-
tial contenders for a nanobeam-based strain sensor because of their optimal surface 
and vast viewpoint proportion. What’s more, inferable from their high solidness-
to-weight proportion, the ultra-affectability of CNTs additionally prompts an 
express data about strain by estimating the recurrence movement [18]. Li and Chou 
[19] have figured the key recurrence movement of CNTs with connected strain 
and weight in view of a continuum auxiliary mechanics demonstration. Their 
outcomes demonstrate that the vibrational recurrence diminishes with expanding 
pivotal strain in a SWCNT, which contradicts the experiments of Sazonova et al. 
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[20]. Truly, as indicated by the hypothesis of continuum vibration [21], when a 
strain is connected in a beam or string, one ought to expect a significant increase of 
vibrational recurrence. Patel and Joshi [22–27] have investigated the influence of 
resonant frequency of double-walled carbon nanotubes with mass sensing, surface 
deviation, atomic vacancy defect and pinhole defect. Patel et al. [28] have analyzed 
variation of mass attached on external walled of TWCNT.

2. Modeling of triple-walled carbon nanotubes

In this study, the continuum mechanics method is employed. For a TWCNT, 
a shell model is assumed such that each of the nested tubes is a specific shell and 
coupled with adjacent tubes through Van der Waals interaction. Strain analysis of 
TWCNTs is carried out using spring elements which are modeled as an interlayer 
interaction of the nanotube to designate the Van der Waals potential. The current 
model is simulated by taking into account the effective wall thickness of tubes and 
Van der Waals interaction between various carbon nanotubes to find the results. A 
cantilever boundary condition is considered for the simulation purpose.

3. Finite element procedure

Initial strain i.e. strain which is independent of stress, may be due to several causes, 
shrinkage, crystal growth, or most frequently temperature changes will result in an 
initial strain vector. All the effects of initial strains or stresses are incorporated in the 
nodal force vectors or nodal load vectors and it does not change the stiffness matrix.

The total potential energy is sum of energy due to bond expanse interaction, 
energy due to bending, the energy due to dihedral angle torsion, energy due to 
out-of-plane torsion and energy due to non-bonded Van der Waals interaction. It is 
shown in Eq. (1).

   U  Total   = ∑  U  r   + ∑  U  θ   + ∑  U  ∅   + ∑  U  ω   + ∑  U  vdw    (1)

For bond systems, the key contributions to the whole static energy come from 
the first four expressions of Eq. (1). Under the statement of small deformation, the 
harmonic approximation is adequate for describing the energy [29]. The terminolo-
gies for each form of energy is defined by,

   U  r   =   1 _ 2    k  r     (r −   r  0  )     2  =   1 _ 2    k  r     (∆  r)    2   (2)

   U  θ   =   1 _ 2    k  θ     (θ −   θ   0  )     2  =   1 _ 2    k  θ     (∆ θ)     2   (3)

   U  τ   =  U  ∅   +  U  ω   =   1 _ 2    k  τ     (∆  ∅)    2   (4)

where, kr, kθ, and kτ are the bond enlarging, bond twisting and torsional resis-
tance force constants, respectively, while Δr, Δθ and Δ∅ represent bond enlarging 
or stretching increment, bond angle variant and angle deviation of bond twisting 
respectively.
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The VdW potential is described the interlayer interaction. In the present paper, a 
number of concentric elastic cylindrical layers of SWCNTs are treated as TWCNTs.

  U (R)  = 4ε [  (    ρ __ R  )    
12

   −  (    ρ __ R  )    
6
  ]   (5)

where R = atomic distance and ε = 3.8655 × 10−13 N nm and ρ = 0.34 nm, respec-
tively. In order to calculate the vibration explanation of TWCNTs, equations are 
developed that describe the dynamics equilibrium of the finite element model. The 
group or element equation created by the global stiffness and mass matrices can be 
gathered. The equation becomes,

   c  1   ( d  2    −   d  1  )  =  K  1    d  1   +  M  1    d  1   ¨    (6)

  −  c  1   ( d  2    −   d  1  )  +  c  2   ( d  3    −   d  2  )  =  K  2    d  2   +  M  2    d  2   ¨    (7)

   c  3   ( d  3    −   d  2  )  =  K  3    d  3   +  M  3    d  3   ¨    (8)

where Mi are mass matrices and ki are stiffness matrices. d1 = Y1eiwt, d2 = Y2eiwt, 
d3 = Y3eiwt.

Further, the same can be represented as:

   
(

 
 c  1   +  K  1  

  
−  c  1  

  
0

   −  c  1     c  1   +  c  2   +  K  2    −  c  2     
0

  
−  c  2  

  
 c  2   +  K  3  

 
)

  
(

  
Y1

  Y2  
Y3

 
)

  −   ω  n     2  
(

 
 M  1  

  
0

  
0

  0   M  2    0  
0

  
0

  
 M  3  

 
)

  = 0  (9)

Figures 1 and 2 show schematic diagrams of cantilever and bridged TWCNTs, 
which represent a finite element model of TWCNT with the spring element.

To model the layer to layer interactions and describe the Van der Waals (VdW) 
potentials between carbon atoms on different layers using ANSYS, a spring element 
COMBIN40 is utilized. COMBIN40 is an assemblage of a spring-slider and damper 
in parallel, joined to a gap in series. The spring stiffness coefficient of Eqs. (2)–(4) 
are taken to be equal to kr = 6.52 × 10−7 N nm−1, kθ = 8.76 × 10−10 N nm rad−2 and 
ks = 2.78 × 10−10 N nm rad−2 [30].

Figure 1. 
Cantilevered TWCNTs.
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4. Results

The models developed for the analysis has fixed free and bridged boundary 
conditions along with variation in initial strain and tube lengths (L3/L2/L1 = 1, 
L = 15,10,5). The inner tube radius R1 = 0.65 nm, middle tube radius R2 = 1.0 nm 
and outer tube radius R3 = 1.35 nm. In Figure 4, the fundamental frequencies of 
TWCNTs as function of connected strain at nano level are shown. The fundamen-
tal frequencies as reported in Table 1 are in gigahertz for the nanotube lengths. 
The shorter nanotubes often ascend to higher crucial frequencies. The principal 
frequency increases when the TWCNTs are subjected to a connected strain.

Strain 
(%)

L3 = L2 = L1 = 15 nm L3 = L2 = L1 = 10 nm L3 = L2 = L1 = 5 nm

0.1 1.60E + 08 2.46E + 08 5.20E + 08

0.15 1.86E + 08 2.84E + 08 5.86E + 08

0.2 2.07E + 08 3.14E + 08 6.39E + 08

0.25 2.25E + 08 3.38E + 08 6.83E + 08

0.3 2.38E + 08 3.58E + 08 7.18E + 08

Table 1. 
Frequency variation for cantilever CNTs with length ratio L3/L2/L1 = 1.

Strain 
(%)

Fundamental Frequency for cantilever TWCNT with different length ratio

L3/L1 = 1/4,  
L2/L1 = 1/2

L3/L1 = 1/3,  
L2/L1 = 2/3

L3/L1 = 1/2,  
L2/L1 = 3/4

L3/L1 = 1,  
L2/L1 = 1

Frequency (Hz) Frequency (Hz) Frequency (Hz) Frequency (Hz)

0.1 2.11E + 08 2.13E + 08 2.12E + 08 1.60E + 08

0.15 2.47E + 08 2.49E + 08 2.46E + 08 1.86E + 08

0.2 2.75E + 08 2.77E + 08 2.74E + 08 2.07E + 08

0.25 2.97E + 08 2.99E + 08 2.96E + 08 2.25E + 08

0.3 3.15E + 08 3.17E + 08 3.13E + 08 2.38E + 08

Table 2. 
Fundamental frequency for fixed-free and fixed-fixed TWCNTs with variable strain for dissimilar length ratio 
(outer, middle and inner tube radius respectively R3 = 1.35, R2 = 1.0, R1 = 0.65).

Figure 2. 
Bridged TWCNTs.
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Figure 4. 
Variation of fundamental frequency of TWCNT for various length ratio.

Figure 3. 
Effect of applied initial axial strains.

Figure 5. 
Change in the frequency with different strains.
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A function of initial strain versus fundamental frequency with the variation 
in length ratio is shown in Table 2. For equal length of all tubes of TWCNTs, the 
impact of the length of nanotube in terms of change in strain is greater in shorter 
TWCNTs. The same has been depicted in Figure 3. The frequency of variable length 
TWCNT is higher compared to the equal length TWCNT. However, the variation in 
length ratio does not show any significant changes in frequency as shown in  
Figure 4.

Figure 5 shows the fundamental frequency versus strain. Figure 6 depicts 
the variations in frequencies for different configurations with the same length of 
nanotube.

The model developed was analyzed for fixed free TWCNTs and bridged 
TWCNTs with the variation in initial strain and lengths L3/L2/L1 = 1, L = 15. The 
inner radius R1 = 0.3390 nm of inner tube, middle tube radius R2 = 0.4746 nm 
and outer tube radius R3 = 0.6102 nm where R1, R2 and R3 are the inner, middle 
and outer tube radius of the center line. In Table 3 cantilever and bridge 
TWCNTs frequency variation versus initial strain is shown.

5. Conclusion

1. Strain sensitivity of TWCNT is enhanced with reduction in tube length for 
strain applied along the length.

Figure 6. 
Variation of fundamental frequency of Fixed-fixed & Fixed free TWCNTs for same length of tube.

Strain (%) Frequency fixed-free TWCNT Frequency fixed-fixed TWCNT

L3/L2/L1 = 1 L3/L2/L1 = 1

Frequency (Hz) Frequency (Hz)

0.1 1.53E + 08 3.16E + 08

0.15 1.82E + 08 3.71E + 08

0.2 2.05E + 08 4.14E + 08

0.25 2.23E + 08 4.49E + 08

0.3 2.38E + 08 4.76E + 08

Table 3. 
Frequency for fixed-free and fixed-fixed TWCNTs with dissimilar pre strain for L3/L2/L1 = 1 (Outer, Middle 
and Inner tube radius respectively R3 = 0.6102, R2 = 0.4746, R1 = 0.3390 nm).
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2. With variation in length of the outer tube and middle tube, the fundamental 
frequency variation is less. So, it is less sensitive to outer and middle wall 
lengths changes on strain sensing, but when compared to equal length of all 
tubes, it gives higher fundamental frequency.

3. It clearly shows that the impact of nanotube length on the strain affectability is 
more prominent than that of tube diameter.

4. Resonant frequency of a TWCNT with bridge and fixed free boundary condi-
tion shows that bridge boundary condition is more favorable for strain sensing.
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Chapter

Analyzing Tactics and Reduction
of Core Shift and Sand Drop for
Crank Case 3000 Casting with
Help of Quality Improvement
Methods
R.S. Barot, M. Iyer, S. Pampaniya, J. Mori, H. Panchal,
B. Sharma and J. Shah

Abstract

Quality is a standard requirement needed by foundries to survive in the market
and rejection due to defects is the prime setback for such industries as it decreases
the credibility of that specific industry. Depending on the type of foundry and other
factors such as type of sand, casting material, molding methods, etc. there are
specific defects that are more prominent than the others. It is observed in the
industry that core shift and sand drop defects are the major reasons for most of the
rejections of casted parts. Considering these facts, it is proposed that the generation
of defects may involve single or multiple causes, hence it is studied through a
systematic procedure using cause effect, Pareto analysis and Why-Why analysis of
each and every defect existing in the product, which in turn helps to point out the
root cause of the major defects. A study of sand parameters in relation to the defects
gives the means of correction in the molding sand. Sand parameters include mois-
ture, permeability, compactibility and green compressive strength. Analysis for
core shift and sand drop was undertaken on the product Crank Case 3000 with the
help of quality improvement methods.

Keywords: casting defect reduction, core shift, sand drop, DOE & ANOVA

1. Introduction

Sand drop and core shift are defects based on molding sand properties. Sand
drops are inappropriately shaped crests that occur when the loose sand breaks away
from the mold and falls into the cavity. Core shift occurs when the position of the
core changes from the required place due to misalignment of cope and drag. These
defects occur when the required strength of sand is inadequate. Dirty casting sur-
faces and inaccurate measurements of hollow parts in castings are causes of sand
drop and core shift respectively.
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2. Methodology

Solutions were obtained with the help of systematic execution of steps required
for any problem-solving scenario. To obtain the remedies for core shift and sand
drop using analysis tools, the following steps were carried out.

• Data collection of defects

• Data analysis by Pareto charts

• Cause effect diagram

• Why-Why analysis

• DOE

• ANOVA

• Process sigma calculation

3. Analysis for the product Crank Case 3000

Collection of the rejection data is essential for defect analysis. This helps us to
understand which defect caused the most rejection. As stated earlier, the majority of
the defects observed were core shift and sand drop by visual observation. To better
understand these results, a bar chart needs to be prepared for the product that has
significant rejections due to defects. In this case, from the entire range of products,
Crank Case 3000 was used due to its high rejection rate (Table 1).

Furthermore, most of the rejection causes for the product were due to only two
defects: sand drop and core shift as shown in the bar chart. Sand drop occurs due to
misaligned cope and drag, which in turn also creates core shift. Weak green

Product: Crank Case 3000 casting

Defect types

Month Core shift Sand drop Other defects

April-16 5 2 3

May-16 0 7 2

Jun-16 0 22 10

Jul-16 7 23 1

Aug-16 0 7 7

Sep-16 35 2 1

Oct-16 8 10 6

Nov-16 4 8 5

Dec-16 6 3 6

Jan-16 24 17 10

Feb-16 0 5 6

Mar-16 8 8 0

Table 1.
Defect analysis table for product Crank Case 3000.
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compressive strength and incorrect moisture levels also play a huge role in causing
these defects (Figure 1).

4. Pareto analysis to find critical defects and their causes in product
Crank Case 3000

From the preliminary analysis, it was decided that the two defects (core shift
and sand drop) were to be studied further with the help of Pareto charts and cause

Figure 1.
Bar chart of defect analysis for product Crank Case 3000.

Figure 2.
Pareto chart for product Crank Case 3000 rejection.
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effect diagrams to better understand the percentage of rejection and the root cause
of the defects.

For this to occur, Pareto analysis was carried out. Table 2 was created in prep-
aration of the Pareto chart. A cumulative percentage of the defects was taken in
descending order.

Pareto charts display the 80–20 rule, which means that 80% of the rejections are
due to 20% of the causes. Here the causes are confirmed as core shift and sand drop.
In Figure 2, it is clear that both core shift and sand drop are above the 80% limit.
This shows that according to the 80–20 rule, these two defects are critically affect-
ing the yield and efficiency of the product and foundry.

5. Cause effect diagram to find critical defects and their causes in
product Crank Case 3000

Construction of the cause effect diagram was undertaken by considering the
significant factors that affect both core shift and sand drop. All these factors are
summarized under five basic categories namely Machine, Sand, Mold, Metal and
Core. The critical control factors were chosen based on weighted scores obtained
from observation of the defect analysis and their causes as shown in Table 2. The
level of importance of the factor and the co-relation of the output with input is
specified to calculate the weighted score.

After calculating the scores, the factors with maximum scores are highlighted in
Table 3.

The score for correlation of the output with input is based on the following scale:
9 = very strong, 7 = strong, 5 = moderate, 3 = poor, 1 = very poor.

Comparing the above causes, one can observe that compactibility, green
compressive strength (GCS), moisture and permeability directly affect the defect as
they are related to the molding sand. The other causes are non-measurable and
need to be solved by brainstorming (Figure 3).

When the GCS is low, the sand cannot be held together, which causes loose sand.
Loose sand is a major reason for the sand drop defect. High permeability shows that
the sand has many intermediate spaces that allow the gases to escape. Thus high
permeability shows that the GCS is comparatively low.

Category Quantity Cumulative Cumulative %

Sand drop 138 138 41.81

Core shift 123 261 79.09

Cold shut 23 284 86.06

Air gap 16 300 90.90

Rough finish 13 313 94.84

Mold break 8 321 97.27

Crack 4 325 98.48

M/C out 3 328 99.39

Blow hole 2 330 100

Total 330 — —

Table 2.
Cumulative rejection analysis of product Crank Case 3000.
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Also high compactibility shows low permeability, which can cause gas related
defects. High moisture content can decrease the GCS beyond a certain range. Thus
to completely prevent core shift and sand drop, a balance in values of these param-
eters is necessary.

Output parameters (Y)

Process variables (X) Product quality (7) Controlling of parameter (3) Weightage score

Improper sand 5 5 50

Misalignment 7 5 64

Bent clamping pins 7 5 64

Sand composition 7 5 70

Size distribution 3 5 36

Compactibility 9 7 84

GCS 9 7 84

Moisture 7 9 70

Permeability 9 7 84

Fluidity 3 1 24

Pouring time 1 5 21

Metal composition 1 1 10

Core composition 1 5 16

Cooling time 3 1 24

Pouring temperature 1 3 16

Core hardness 5 5 50

Table 3.
XY cause effect matrix for identifying control factors.

Figure 3.
Cause effect diagram for core shift and sand drop.
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6. Why-Why analysis

Any problem always has a cause that points out the core of the problem. The
Why-Why analysis is a powerful statistical tool that helps us to find out the root
cause of any non-measurable problem. With observation and asking the question
“why” five times in a row, the root cause of the problem comes to light. With the
help of this tool, the root cause analysis of core shift and sand drop was carried out
and the outcome is as shown in Figure 4.

Observing the WhyWhy analysis, we can confirm that sand composition can be
controlled by altering the values of the sand parameters. The change in GCS,
moisture, permeability and compactibility is proposed to acquire various data for
defects related to these sand parameters.

7. DOE and ANOVA

Core shift and sand drop are primarily molding sand-based defects. Changing
the sand properties to optimum properties is one of the main requirements to
reduce core shift and sand drop defects (Table 4).

DOE was carried out on compactibility, permeability, moisture content and
green compressive strength. By application of DOE, an analysis can be made of how
the factors vary with respect to each other.

%Reject ¼ 1; 522; 604–1474 GCS� 39; 782 permeabilityþ 14;071 Compactibility

þ 120; 902 Moisture� 0:00372 GCS2 � 1:796 Permeability2

� 34:1 Compactibility2 þ 2995 Moisture2 þ 38:19 GCS� Permeability

� 10:8 GCS� Compactibility� 136 GCS�Moistureþ 527 Permeability

� Compactibilityþ 5320 Permeability�Moisture

þ 17; 587 Compactibility �Moisture� 0:501 GCS� Permeability

� Compactibility� 5:06 GCS� Permeability�Moisture

þ 16:70 GCS� Compactibility �Moisture

(1)

Figure 4.
Why-Why analysis for core shift and sand drop.
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The above equation provides an equation that co-relates GCS, permeability,
compactibility and moisture with % Rejection. The above equation has an R square
value of 0.949, which means 94.9% of the data fits the model. After carrying out
DOE, an analysis of variance is required that shows us which factor is the most
critical according to the data.

From Table 5, it is seen that the P value of permeability is the least as it is less
than 0.05. This shows that moisture plays a critical role in the properties of sand and
the defects caused by it.

GCS Permeability Compactibility Moisture % reject

1050 102 38 3.8 15.38

1100 102 38 3.7 9.09

1080 99 39 3.7 10

1020 102 39 3.8 12.82

1050 102 38 3.7 22.22

1020 100 38 3.7 33.33

1050 101 39 3.8 11.76

1060 104 38 3.9 22.72

1020 102 39 3.8 16.66

1050 102 39 3.7 25

1050 99 39 3.7 8.57

1070 99 39 3.7 11.11

1050 105 39 3.8 3.7

1070 105 39 3.7 4.34

1050 99 38 3.7 2.7

1080 102 39 3.7 20

1070 100 39 3.8 28.57

1100 105 42 4 10.34

1100 102 39 3.8 6.89

1020 102 39 3.8 21.42

1020 102 38 3.7 12.5

1050 102 37 3.9 6.66

1020 102 38 3.7 13.33

Table 4.
DOE table for sand parameters vs. % rejection.

DF Adj SS Adj MS F-value P-value

GCS 5 4.79 0.96 0.67 0.653

Permeability 5 11.06 221.29 8.68 0.001

Compactibility 3 0.77 0.26 0.18 0.907

Moisture 3 128 42.77 1.68 0.217

Table 5.
ANOVA table.
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8. Process sigma calculation

When a process is being improved, we calculate the process standard deviation
and sigma value. These are considered to be short-term values because the data only
contains common cause and thus are only reliable as long as there is no deviation
from the current data. For our industry, the process sigma has been calculated in
Table 6.

9. Calculation of yield

Yield of existing component:
volume of part ¼ mass=density

¼ 58:5 kg=7800 kg=m3

¼ 8:4� 10�3 m3

volume of riser ¼ Q
D2=4�H

¼ 0:644� 10�3

volume of gating system ¼ volume of basinþ volume of sprue
þvolume of runnerþ volume of gates
¼ 2:008� 10�3

yield ¼ volume of part= volume of partþ volume of runnerð
þvolume of gating systemÞ
¼ 8:4� 10�3= 8:4� 10�3 þ 0:644� 10�3 þ 2:008� 10�3� � ¼ 76:1%

Castings produced Rejected castings Defects % Yield (part) Process Sigma DPMO

222 10 4.5 95.5 3.19 450,454

109 9 8.26 91.74 2.89 82,569

275 32 11.64 88.36 2.69 116,364

225 31 13.78 86.22 2.59 137,778

134 14 10.45 89.55 2.76 104,478

104 38 36.54 63.46 1.84 265,385

121 17 14.05 85.95 2.58 140,496

79 13 16.46 83.54 2.48 164,557

198 15 7.58 92.42 2.93 75,758

152 51 33.55 66.45 1.92 335,526

66 11 16.67 83.33 2.47 166,667

199 16 8.04 91.96 2.9 80,402

58 8 13.79 86.21 2.59 137,931

179 26 14.53 85.47 2.56 145,251

165 34 20.61 79.39 2.32 206,061

Average

152.4 21.67 15.36 84.63 2.58 173978.5

Table 6.
Sigma process table for 1 year.
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Yield of modified component:
volume of part ¼ mass=density

¼ 58:5 kg=7800 kg=m3

¼ 8:4� 10�3 m3

volume of riser ¼ Q
D2=4�H

¼ 1:45� 10�3

volume of gating system ¼ volume of basinþ volume of sprue

þvolume of runnerþ volume of gates

¼ 1:98� 10�3

yield ¼ volume of part=ðvolume of partþ volume of runner
þvolume of gating systemÞ
¼ 8:4� 10�3= 8:4� 10�3 þ 1:45� 10�3 þ 1:98� 10�3� � ¼ 71:4%

Here, yield is decreased by 4.7%.

10. Conclusion

Preliminary defect analysis shows that, compared to other products, Crank Case
3000 has the highest rejection rate of 15.4%. A bar chart shows that, compared to
the other defects, core shift and sand drop were observed to be most common. This
fact is proved by the Pareto analysis that shows that core shift and sand drop are the
cause of more than 80% of the rejections. Many factors affect core shift and sand
drop. To find out which of the factors was contributing the most, a cause effect
diagram and Why Why analysis was performed. From the cause effect diagram, a
weighted average table was created to find out the key causes of the defects, where
the causes with the highest weighted average were taken into consideration, which
includes sand parameters like GCS, permeability, moisture and compactibility.
From the Why Why analysis, it was observed that out of all the root causes avail-
able, the controllable factors were the sand parameters of molding sand while the
rest of the factors are not controllable. So these factors were selected for further
analysis. After carrying out experiments (DOE) on sand parameters (GCS, perme-
ability, compactibility and moisture) and the rejection rates, it was found that a 3%
change in permeability results in a 20–25% change in the rejection rate. Thus
optimum changes in permeability are required to control rejection rate. Application
of new sand parameters and design gives sound casting but a compromise in yield of
4.7% is acquired.
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Chapter

An Integrated Hybrid Renewable
Energy System Based on Doubly
Fed Induction Generator for
Disperse Generation
Neeraj Kumar Mishra and Zakir Husain

Abstract

An isolated new hybrid scheme employing a doubly fed induction generator
(DFIG) fed by solar power and grid integrated with a simple three-phase square-
wave neutral point clamped (NPC) inverter has been proposed. This works as an
uninterruptable power source that can feed a DFIG in all cases. The primary source
of power is SPV and shortage power can be provided by the grid. The distinctive
“integrated” strategy removes the complexity of designing a boost converter, bat-
tery controller, rectifier and natural point clamped (NPC) inverter and reduces the
number of sensors and electronic components. In this approach, the simplest way of
modeling is introduced. The presence of a grid-connected rectifier in parallel (with
the SPV source) ameliorates the quality of power fed into the DFIG by curtailing the
voltage dip in the SPV output. Also, the other benefits of the proposed system are
high-reliability, compact size and low cost, which makes the system suitable for
real-time simulation. All the analytical, simulation results of the present research
are presented.

Keywords: solar PV, MPPT, converters, NPC inverter, doubly fed induction
generator

1. Introduction

It will be very painful for you to spend slightly more on your electricity bill if you
knew it was sourced from the solar photovoltaic panel of your neighbor’s roof. Since
the quantity of energy presented from non-renewable sources is finite, renewable
sources can be an alternative option for power generation [1]. Solar photovoltaic cells
and Doubly Fed Induction Generators are green energy efficient sources with mini-
mal environmental impact [2]. The wound rotor is usually fed by the stator or rotor,
which is why it is frequently named a doubly fed induction generator (DFIG) in the
literature [3, 4]. The different aspects of the hybrid system are that power conversion
efficiency can be improved, overall cost of the system can be reduced, the power
quality is improved and more reliable and utilization of power is optimized. Variation
in grid injection power can be optimized. The rating of the SPV cell is taken higher so
that the variation of grid injected power and reverse power flow can be minimized at
the point of common coupling (PCC). Since this system does not allow for reverse
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power flow at the PCC, because the boost converter is situated at the output of the PV
and the rectifier is situated at the output of grid, the boost converter will not allow
current in the reverse direction [2].

2. Power conversion system

The schematic diagram in Figure 1 shows the complete technique. The MPPT
can enhance up to 30% of energy compared to the standard photovoltaic panel and
it is externally connected to the circuit. The main purpose of an MPPT is to change
its input voltage, which is also the PV panel input voltage, so that it corresponds to
the voltage at which the panel delivers maximum power. At its output, the MPPT
always provides the voltage required by the battery or machine pump load [2]. The
perturb and observe based MPPT has the following limitations.

1. In case voltage is far away from maximum power point, the perturb and
observe based MPPT is slightly slow.

2. In case of silhouette on any SPV panel, voltage curve of the SPV will have
several peaks, hence finding the real peak is very difficult.

3. The main difficulties related to the MPPT’s used previously are the cost,
efficiency and reliability of the separate high-power converter.

The proposed system planned to use the software Typhoon HIL [4]. Depending
on application and requirement many types of induction generator are available in
the Market. The designing of the induction generator is not a tedious task but
controlling of Wound rotor induction generator, for wind energy conversion
system, is a challenging task for electrical engineering fraternity [5].

2.1 Design aspect in proposed wind energy conversion system configuration
(WECS)

The unpredictable nature of wind energy has forced us to design a hybrid system
so that the stored energy from the solar power or grid can be fed to the rotor of
doubly fed induction generator at the time of sub-synchronous mode. The relation-
ship between wind velocity and output power of turbine is nonlinear. The output
power can be represented as follows [3].

Pm ¼ 0:5∗Cp λ; βð Þ∗ƥ∗A∗ν3 (1)

Figure 1.
Complete representation of proposed technique.
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where Pm is the output power of the turbine, ƥ is air density, Cp is the power
coefficient, ν is the velocity of wind, β is the pitch angle, λ is the tip speed:

2.2 Doubly fed induction generator

Since wind is an unpredictable source of energy, the slip s and rotor voltage
amplitude can be defined as:

S ¼ Ns �Nrð Þ
Ns

(2)

Vr ¼ S∗Tsr∗Vs (3)

where Tsr is voltage transformation ratio between stator and rotor, S is a slip, Vs
is the stator voltage, Vr is the rotor voltage, Ns is the synchronous speed, Nr is the
rotor speed.

The active power delivered to the rotor and the mechanical power delivered to
the shaft of the generator can be calculated as:

Pr ¼ �S∗Ps (4)

Pm ¼ 1� sð Þ∗Ps: (5)

where Pr is the rotor power, Ps is the stator power and Pm is the mechanical power:
The universally accepted method of driving a mathematical model of DFIG is to

convert the synchronously rotating stator flux vector in terms of quadrature axes and
direct axes. A simplified mathematical model would help with behavior analysis.

Figure 2 represent an equivalent circuit for the DFIG in the synchronous
reference frame [3].

vqds ¼ rs iqds þ
d ψqds

� �

dt
þ j ωe ψqds (6)

vqdr ¼ rr iqdr þ
d ψqdr

� �

dt
þ j ωe ψqdr (7)

ψqds ¼ Lm iqdr þ Lm iqds (8)

ψqdr ¼ Lm iqds þ Lm iqdr (9)

Te ¼ 3
2
p
2
Re j ψqds: iqds

h i

¼ 3
2
p
2
Re j ψqdr: iqdr

h i (10)

Figure 2.
Complex synchronous equivalent DFIG.
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The stator side active and reactive powers are given as:

Ps ¼ 3
2
Re Vqds: iqds

� � ¼ 3
2

vqs iqs þ vds ids
� �

(11)

Qs ¼
3
2
Im Vqds: iqds

� � ¼ 3
2

vqs iqs � vds ids
� �

(12)

where. iqdr and iqds are the complex conjugates of the rotor-current and stator-
current space vectors. rs, rr are stator, rotor resistances (ohms), ψqds, ψqdr are d and
q axes stator and rotor flux (wb), vqds, vqdr, are d and q axes stator and rotor
voltages (Volt), iqds, iqdr, are d and q axes stator and rotor current (Amp), torque is
denoted by Te, Ls, Lm is self and magnetizing inductance (henry), p is the number
of poles per phase. Ps is the stator side active power, Qs is the rotor side reactive
power.

2.3 Power electronics converters

The rectifier and NPC inverter can be used to convert DC in to AC and AC in to
DC and the boost regulator can boost the output of the photo voltaic cell. The boost
converter is shown in Figure 3.

The output of the boost can be given by Vo.

Vo ¼ Vs

1� αð Þ (13)

α is duty cycle, and Vs is input voltage, here it is solar panel voltage.

3. Simulation results and discussion

The model of Figure 1 was developed and the results are presented in Figure 4
as a real time output of the complete model. The simulation ran for time interval
t = 1 s and the sample rate was 1MSPS sample per second. The various observations
were recorded, such as the wave form of stator voltage Vs (abc), stator current Is
(abc), rotor side converter current Ir (abc), output voltage of solar photo voltaic cell

Figure 3.
Basic schematic boost converter with ideal switch.

Figure 4.
Simulation result real time complete output.
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boost converter output voltage and EMF of battery. The wave form of the stator
side voltage also showed that the output voltage MPPT was 45.60 Volt. The output
voltage of the battery was 540 Volt and the battery current was 2.37 amp and the
power provided by the battery was 1.3 kW (Figures 5–8).

4. Conclusion

A simple, compact and cheap power converter system has been designed to
deliver power from wind farms either to an isolated load or to the grid application.
Its modeling analysis and design procedure have been presented. The SPV panel
was used for the main source of rotor injunction and it reduced the power drawn by
the rotor from the grid. For future use, the excess power from the SPV panel can be
stored in the battery. The harmonics of stator voltage can also be reduced using an
NPC inverter. The DFIG controller inverter and boost regulator have been designed

Figure 5.
Simulation result stator side output voltage.

Figure 8.
Output voltage of NPC Inverter.

Figure 6.
Simulation result stator side output current.

Figure 7.
Simulation result rotor side converter current.
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for low settling time with a very low overshoot and a good dynamic response. The
complete system is simulated using Typhoon HIL® software. As stated earlier, both
of the two energy sources were exactly modeled in Typhoon HIL® to forecast their
real characteristics. Future work includes a low cost true MPPT controller and
optimization of the integration of this MPPT into a standard PV panel.

A. Data for PV PANEL and DFIG

Number of cell = 72, standard light intensity = 1000 w/m2, reference tempera-
ture = 25°C, short circuit current = 5.8 A, open circuit voltage = 45.6, temperature
coefficient of short circuit current = 0.0004, stator resistance = 0.59 Ω, stator
inductance = 35.81 mH, rotor resistance = 3.39 Ω, rotor inductance = 19.894 mH,
mutual inductance = 1.104 H, no. of poles = 4, moment of inertia = 0.05 kg/m2.
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Chapter

Experimental Study of a 
Conventional and Hybrid  
Solar Still
Hemin Thakkar, Sanjay Patel, Hitesh Panchal and  
P.V. Ramana

Abstract

The simple solar still has a limited output of pure water but its basic concept 
is very important for understanding desalination using solar energy. The yield 
of the solar still can be improved by using different energy storing materials in 
the basin and attaching different types of solar collectors. In this research, the 
flat plate collector and photovoltaic collector were used together to improve 
the output and performance. The output of the hybrid device was compared 
to an active solar still and conventional solar still. This research also included 
the effects of different energy storing materials in the output of a conventional 
solar still.

Keywords: solar still, hybrid still, desalination, FPC, PVC

1. Introduction

The solar still is a simple device used for desalination. It works on the hydrologi-
cal cycle found in nature. It consists of a solar radiation absorbing basin, in which 
a constant amount of seawater is enclosed in a V-shaped glass cover as shown 
in Figure 1. The sun’s rays pass through the glass cover and are absorbed by the 
blackened absorbing bottom of the basin. As the water is heated, its vapor pressure 
is increased. The resultant water vapor is condensed on the underside of the glass 
cover and runs down into the troughs, which conduct the distilled water to the 
reservoir.

The basic concept of passive solar still with its output was discussed by 
Murugavel et al. [1]. In this research, passive solar output was tested at the 
Government Polytechnic Ahmadabad and compared with the above research.

An active solar still with FPC also played a very important role in increasing the 
output of still as more heat was supplied through the FPC. Srithar et al. [2] demon-
strated the effect of FPC on the output of a still. A hybrid solar still with FPC and 
PVC gave the best results in producing clean water from saline water as heat was 
added to the water by direct heating as in the conventional still and heating with 
FPC and PVC. The electricity produced by the PVC was used for heating the saline 
water and running the electric motors needed for supplying water to the still. In this 
preparative research, an experiment was carried out with three different configura-
tion of stills and interesting results were obtained.
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2. Experimental set-up of conventional solar still

The conventional still is the basic device used for desalination known as the 
CSS (conventional solar still). It converts the saline water into pure drinking water 
by heating the water as solar radiation passes through the glass cover and heats the 
blackened absorbing bottom of the still and evaporated vapor condenses on the 
underside of the cold glass. The glass is opaque material for solar radiation. It also 
works as a condensing surface for vapor produced in the still. Heating, evaporation 
and condensation take place in the same piece of equipment.

In this preparative project, conventional still output was tested and recorded 
at the Government Polytechnic, Ahmadabad. The experimental set-up is shown in 
Figure 2. The different temperatures, humidity, solar radiation and wind velocity 
were recorded and compared with the other still configurations.

Figure 1. 
Conventional solar still.

Figure 2. 
Experimental set-up of CSS.
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This is the simplest device used for solar desalination fabricated from fiber 
reinforced plastic (FRP) known as the passive still. The glass inclination was 45°. 
The basin area was 0.5 × 0.5 m2.

3. Experimental set-up of the active solar still with FPC

In this active still, a flat plate collector (FPC) was added to a conventional still as 
an additional heat source for heating the saline water.

As more heat was added to the saline water, the output of the still increased during 
the experiment at Ahmedabad. The experiment set-up of the active still is shown in 
Figure 3. The data was recorded with the help of a data logger and stored in a laptop.

4. Experimental set-up of hybrid solar still with FPC and PVC

The hybrid solar still had different types of heat sources such as a flat plate 
collector, photovoltaic collector and evacuated tube collector. The output of the 
solar still with ETC was investigated by Panchal et al. [3]. In this experiment set-
up we used FPC and PVC as additional solar heat sources as shown in Figure 4.

In this still, output was improved as two more solar heat sources added heat to the 
basin water. The readings of the still were recorded and pure water was collected in a 
measuring flask. This hybrid still also produced electricity at night, which was stored 
in battery to heat the water at night. The output of the PV battery was 30 W and this 
was converted into AC using an inverter. The AC powered heater was used to heat 
the saline water. A similar AC heater running with PVC was used by Riahi et al. [4].

A solar still with a PVC panel can be used as a roof-top system designed by 
Gujarat government. The PVC panel can play the role of electric energy generation 
and water heating for the purification of water. This hybrid still technique can play 
an important role in the smart city project of the Gujarat government.

Figure 3. 
Experimental set-up of the active solar still with FPC.
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5. Effect of energy storing materials on the output of solar still

In this experiment, sand and concrete were used as energy storing materials. 
The solar energy was stored in these materials and released at night so the output 
could be improved. In this experiment, it was found that energy storing materials 
improved the output by up to 0.5 ml/day. Other energy storing materials found to 
be very effective in the literature are rubber, dye, jute clot, semi-conductors, high 
temperature super-conductor and nano materials.

Tabrizi et al. [5] conducted experiments in a still using sand as a heat reservoir at 
the bottom and found productivity was 75% higher than in a conventional still.

Sakthivel et al. and Panchal [6, 7] explained that black granite gravel as an 
energy storing material improved the efficiency by up to 20%.

Rubber and charcoal have also been used in basins. Akash et al. [8] tested dif-
ferent materials in the basin and found excellent outputs. Naim et al. [9] stated that 
a still basin lined with coal enhanced the absorption capacity of the basin. It gave 
better results.

Patel et al. [10] tried to enhance the output of a solar still by using different 
semi-conducting oxides (Photo-catalysts) like CuO, PbO2 and MnO2. Elango 
et al. [11] conducted experiments with nano-fluids of aluminum oxide (Al2O3), 
zinc oxide (ZnO) and tin oxide (SnO2) and got better outputs. It is possible to 
use a high temperature superconductor as an energy storing material. The effect 
of high temperature super conductor (HTSC ) as an energy storing material will 
be tested in future work.

This research tested the effect of sand and concrete on still output. It shows an 
improvement. It is possible to test other energy storing materials as stated in above 
review.

6. Result and discussion

The experiment was performed on 14–19 April 2017 and the following results 
were obtained for the conventional still. The average output of the test was 2 liters 
per day as shown in Table 1.

In the same way, the results were recorded for the other configurations of stills. 
The average outputs for the different configuration of solar still were recorded as 
shown in Table 2.

Figure 4. 
Experimental set-up of hybrid solar still with PVC and FPC.
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The active still and HSS gave better performance as shown in the above table. 
Energy storing material also affected the performance of the stills. The solar still 
with PVC can be used as a desalination device in the house whereas the PVC panels 
can be placed on the roof top of a house and electric energy generated by the PVC 
can be stored in a battery which can be used for heating the saline water in the still. 
This type of hybrid device can be developed to work with roof top system.

This hybrid system can be standardized and synchronized with the roof top 
system for the smart city project.

7. Conclusion

It has been found that the hybrid still gave the best results compared to other 
simple configurations of still. This research also suggests the use of other desalina-
tion techniques such as HDH and flash evaporation techniques with the solar still. 

Table 1. 
Yield of conventional solar still.

Table 2. 
Average output of different configurations of still.



Proceedings of the 4th International Conference on Innovations in Automation...

118

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 

Author details

Hemin Thakkar1*, Sanjay Patel2, Hitesh Panchal3 and P.V. Ramana4

1 Mechanical Department, Gujarat Technological University, Ahmedabad, Gujarat, 
India

2 Mechanical Department, Government Polytechnic, Ahmedabad, Gujarat, India

3 Mechanical Engineering Department, GEC, Patan, Gujarat, India

4 Mechanical Engineering Department, SVIT, Vasad, Gujarat, India

*Address all correspondence to: heminkumar@gmail.com

The conventional still is the simplest method of desalination and is useful for small 
family needs. But the HDH and flash techniques of desalination will be designed, 
fabricated and tested for the arid region of Gujarat for the output of 40–70 
liters/day. It is also found in review of different techniques of desalination that 
HDH, flash evaporation and solar still together can be tested for better output in 
future work. The nano materials discussed above as energy storage materials will 
also be tested in future work with the solar still and HDH desalination device.
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Modeling of Material Removal 
Rate in Electrical Discharge 
Machining by a Novel Approach 
and Comparison of Prediction 
Accuracy with Other Models
C.R. Sanghani, G.D. Acharya and K.D. Kothari

Abstract

For any machining process, prediction of performance measures such as 
material removal rate (MRR), tool wear rate (TWR), surface roughness, etc. is 
important as it helps in the selection of input parameters for better performance. 
Different models have been proposed by researchers for the prediction of material 
removal rate in the electrical discharge machining (EDM) process. Due to several 
assumptions in the development of models, each model has the limitation of 
 prediction accuracy. In this article, a new modeling approach for MRR is presented 
using experimental data from the well-known literature as a reference. The values 
of MRR predicted from this model were compared with that of different models. 
The results of the comparative analysis showed that the tendency of prediction is 
similar for all the models and the prediction accuracy of the newly developed model 
was higher compared to other models. Hence, this approach can be used to model 
MRR for a different combination of workpieces and tools.

Keywords: electrical discharge machining, modeling, MRR, prediction accuracy, 
comparison

1. Introduction

Electrical discharge machining (EDM) is a non-traditional machining process 
in which material removal takes place by thermal energy generated from spark-
ing between the workpiece and tool [1]. To predict EDM performance measures, 
researchers have developed various models such as the mathematical model, 
numerical model, regression model, etc. based on this material removal theory. Each 
model has a different level of prediction accuracy due to their assumptions related to 
flushing efficiency, material properties of the workpiece and tool, the shape of the 
heat source, crater shape, etc. [2]. A mathematical model for MRR was developed 
by DiBitonto et al. [3] considering a point heat source and constant fraction of 
energy (Fc = 0.183) transferred to the cathode. Singh and Ghosh [4] estimated the 
electrostatic force responsible for material removal in a short pulse interval (<5 μs) 
using a thermo-electric model and calculated crater depth. For the estimation of the 
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geometrical dimensions of a micro-crater, Yeo et al. [5] proposed analytical models 
of the anode and cathode based on electro-thermal theory. Salonitis et al. [6] also 
developed models of the MRR and the average surface roughness by introducing 
the new concept of erosion front velocity. Madhu et al. [7] used the finite element 
method to predict MRR and the depth of damaged layer during EDM. The result 
showed that the spark-radius and the power intensity affect the geometrical dimen-
sions of the crater. During thermal analysis of EDM in FlexPDE software, Lasagni 
et al. [8] observed that the material removal can be controlled by the melting 
enthalpy and the melting point. A 2D axisymmetric model of single spark EDM 
was developed by Joshi and Pande [9] considering realistic boundary conditions 
like Gaussian heat distribution, variable spark radius, latent heat of melting, etc. for 
prediction of the crater shape and MRR. Tao et al. [10] used FLUENT software to 
present a numerical model considering the plasma heating phase and the bubble col-
lapsing phase for the material removal process. To simulate the crater formation due 
to a single discharge, Assarzadeh and Ghoreishi [11] developed an electro-thermal 
based model using ABAQUS software. The DFLUX subroutine was used to program 
the non-uniform heat flux. The maximum errors in predicting the crater radius 
and depth were 18.1% and 14.1%, respectively. Ming et al. [12] developed a hybrid 
model for EDM based on the finite-element method (FEM) and Gaussian process 
regression (GPR) to predict MRR and surface roughness. Puertas et al. [13] used 
response surface methodology to develop multiple regression equations for material 
removal rate, electrode wear and surface roughness. Using the nonlinear regression 
method with logarithmic data  transformation, Chattopadhyay et al. [14] developed 
the empirical models for prediction of output responses. To investigate the effect of 
input parameters on material removal rate, electrode wear rate and surface rough-
ness, Sanchez et al. [15] developed an  inversion model based on the least squares 
theory. In the present work, a  mathematical model for MRR is  developed based on 
the new approach of using basic material removal theory and the  regression method.

2. Experimentation

The experimental results presented in DiBitonto et al. [3] are used in this model-
ing approach, as it is one of the founding research works in the field of EDM quite 
often cited in EDM literature. Those data were obtained by electrical discharge 
machining of steel (iron) as the cathodic workpiece with copper as the anode. The 
average thermophysical properties of the workpiece are shown in Table 1.

Property Steel (iron)

Density (kg/m3) 7545

Thermal conductivity (W/m K) 56.1

Specific heat (J/kg K) 575

Melting temperature (K) 1808

Boiling temperature (K) 3134

Reference temperature (K) 298

Latent heat of melting (kJ/kg) 247

Latent heat of vaporization (kJ/kg) 6090

Table 1. 
Thermophysical properties of workpiece.
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3. Different models for prediction of MRR

3.1 Novel approach

In this work, a mathematical model for MRR is developed using the theory of 
melting and vaporization of material from the workpiece as well as experimental 
data shown in Table 1. The experimental results of MRR are used to calculate the 
volumetric rate of material removal from the workpiece.

The energy responsible for material removal from workpiece [16] is

   E  MRR   = ρ V  W   [ C  p   ( T  v   −  T  o  )  +  L  m   +  L  v  ]   (1)

where ρ - Density (kg/m3), VW - Volumetric material removal rate from 
workpiece (m3/s), Cp - Specific heat (J/kg K), Tv - Vaporization temperature (K), 
To - Room temperature (K), Lm - Latent heat of melting (J/kg), Lv - Latent heat of 
vaporization (J/kg).

Energy released during single discharge per unit time [17] is

  E = VI (   T  on   _______  T  on   +  T  off  
  )   (2)

where V - Voltage (V), I - Discharge current (A), Ton - Pulse on time (μs),  
Toff - Pulse off time (μs).

Fraction of energy (%) responsible for material removal

   F  MRR   =    E  MRR   ____ E   × 100  (3)

The regression equation for fraction of energy (%) responsible for material 
removal is developed using statistical software MINITAB 16 and is given by

   F  MRR   = 2.49 ×  I   0.9472  ×   T  on     −0.1855   (4)

Energy responsible for material removal from workpiece

   

 E  MRR     =    F  MRR   × E

             =  0.0249 ×  I   0.9472  ×  T  on        −0.1855  × VI  (     T  on   _  T  on   +  T  off  
   )        

          =     0.0249 × V ×  I   1.9472  ×  T  on        0.8145   _______________________   T  on   +  T  off  
  

    

  But,  E  MRR   = ρ  V  W   [ C  p   ( T  v   −  T  o  )  +  L  m   +  L  v  ]   

    0.0249 × V ×  I   1.9472  ×   T  on     0.8145   ______________________   T  on   +  T  off  
   = ρ  V  W   [ C  p   ( T  v   −  T  o  )  +  L  m   +  L  v  ]   
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By putting the value of material properties of workpiece from Table 1,

   V  W   =   4.1419 ×  10   −4  × V ×  I   1.9472  ×   T  on     0.8145    __________________________   T  on   +  T  off  
    mm   3  / sec  

  MRR =   0.0248 × V ×  I   1.9472  ×   T  on     0.8145   ______________________   T  on   +  T  off  
    mm   3  / min  (5)

The material removal rate can be obtained using Eq. (5) at any set of process 
parameters for a given workpiece and tool combination.

3.2 Other models

3.2.1 DiBitonto’s model

DiBitonto et al. [3] developed a simple mathematical model of material removal 
from steel (iron) in EDM. An analytical solution of the model is presented using a 
point heat source and power as the boundary condition at the interface of plasma 
and workpiece. They assumed the plasma radius to be negligibly small and a 
constant fraction of energy transfer to the workpiece as 0.183 for a large range of 
discharge current. The maximum erosion rate is determined from

    ( V  w  )   max   =   16π  X   3    τ  0     3/2   F  c   UI  _________________  
3 ( τ  0   +  δ   ∗ )  ( T  m   −  T  0  ) ρ  C  p  

    (6)

where X is given by

   X   2  = ln  (  1 + 3  δ   ∗  /  τ  0   ________ 
4  π   3/2   √ ___  τ  0    

  )   (7)

τ0 - dimensionless optimum pulse time (μs), Fc - Fraction of power transfer, U - 
voltage (V), I - current (A), δ* - dimensionless pause time, Tm - melting temperature 
(K), T0 - room temperature (K), ρ - density (kg/m3), Cp - specific heat (W/m K).

3.2.2 Joshi’s model

A thermophysical model for the EDM process has been developed by Joshi and 
Pande [9] using finite element analysis. It has been carried out to predict the mate-
rial removal rate by considering more realistic boundary conditions like Gaussian 
distribution of heat flux, spark radius based on discharge current and pulse on 
time, latent heat of melting, energy distribution factor for workpiece as 0.183, and 
neglecting convection heat loss from workpiece.

3.2.3 Assarzadeh’s model

A comprehensive electro-thermal based single spark EDM model has been 
developed by Assarzadeh and Ghoreishi [11]. This model has been developed based 
on temperature dependent materials properties, Gaussian distribution of heat flux, 
convection, latent heat of fusion and expanding plasma channel with current and 
pulse on time. They have also assumed constant energy dispersing into the work-
piece as 18% of total energy for all of the process parameters.
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3.2.4 Ming’s model

Ming et al. [12] constructed a thermal model of single-spark EDM process 
based on the finite element method, considering the variable heat distribution 
factor for the workpiece, latent heat and plasma flushing efficiency (PFE), to 
predict material removal rate. They derived an equation of heat distribution 
factor for the workpiece from experimental data presented by Singh [17] consid-
ering the dissimilarity of machining conditions, work-tool materials and mainly 
the thermal conductivity of the workpiece by assuming the proportionality 
coefficient.

4. Results and discussion

4.1 Validation of model

For investigation of the validity of the mathematical model of MRR, the pre-
dicted results are compared with the experimental results from DiBitonto et al. [3] 
as shown in Table 2. It can be seen that the results predicted by the proposed model 
of MRR have a close agreement with the experimental results.

4.2 Comparison of different models

To obtain the prediction accuracy and to explore the generalization capabili-
ties of this model to the real state EDM process, a comparative analysis of dif-
ferent models (Our model, DiBitonto et al. [3], Joshi and Pande [9], Assarzadeh 
and Ghoreishi [11], Ming et al. [12]) has been made here. The machining con-
ditions used for development of our model were exactly the same as adopted by 
the reported models. The results of the experiments, predicted by other models 
as well as our model, are shown in Table 2. Figure 1 shows the comparison 
of MRR predicted by different analytical and numerical models as well as the 
experimental data. It is observed that our model exhibits the same tendency 
of variation as that offered by either experiments or other models. It can also 
be seen that the values of MRR predicted by our model are much closer to the 
experimental results when compared to those by reported models. The fraction 

Exp. 
No.

I 
(A)

Ton 
(μs)

Toff 
(μs)

MRR (mm3/min)

Experiment Our 
model

DiBitonto’s 
model

Joshi’s 
model

Assarzadeh’s 
model

Ming’s 
model

1 2.3 5.6 1 0.30 2.00 13.82 12.13 8.00 1.07

2 2.9 7.5 1.3 1.60 2.79 17.26 16.36 9.08 2.61

3 3.7 13 2.4 3.10 4.09 21.78 20.37 11.99 5.78

4 5.3 18 2.4 8.40 8.23 35.58 34.49 23.02 17.52

5 8.5 24 2.4 23.20 20.17 63.79 62.86 41.22 27.73

6 10 32 2.4 32.00 26.85 77.18 76.37 53.84 43.38

7 13 42 3.2 50.50 41.24 100.33 96.68 65.05 59.64

8 20 56 3.2 89.70 94.91 164.65 152.81 110.26 129.24

9 25 100 4.2 125.00 133.53 207.2 197.92 139.82 148.29

Table 2. 
Comparison of the experimental and predicted results.
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of energy transfer is a critical parameter to obtain material removal rate and 
the models of DiBitonto, Joshi and Assarzadeh have assumed constant fraction 
of energy transfer to workpiece, which is likely to depend on the discharge cur-
rent and the pulse duration. Ming et al. [12] used a fraction of energy transfer 
equation based on discharge current and pulse on time but it was derived con-
sidering proportionality coefficient due to different work material. All these 
numerical and analytical models deviate remarkably from the experimental 
results exhibited by DiBitonto et al. [3]. This reveals that the assumption of a 
constant fraction of energy transfer to the workpiece is most likely to be incor-
rect. In our model, the fraction of energy transfer equation based on discharge 
current and pulse on time is derived from experimental data incorporating real 
state conditions. Thus, it could be concluded that our model is more suitable 
and accurate in predicting the MRR when compared to the  
reported models.

5. Conclusion

Modeling is important for any machining process as it helps in the prediction 
of performance measures. Researchers have used various techniques such as 
mathematical modeling, dimensional analysis, numerical modeling, regression 
modeling, etc. for modeling the EDM process. In this paper, a novel technique for 
modeling of the MRR is introduced based on the material removal mechanism 
and regression method. For the development of the MRR model, experimental 
data were used from literature (DiBitonto et al. [3]). To investigate the predic-
tion accuracy, values of MRR obtained from our model were compared with the 
results of earlier analytical and numerical models and the published experimen-
tal data. It was found that the MRRs predicted by our model had much closer 
proximity to experimental results than those reported by other models. This 
model can further be used to conduct comprehensive studies on the EDM process 
to acquire optimal performance.

Figure 1. 
Comparison of the theoretical and experimental results on MRR.
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Chapter

Experimental Investigation of
Effect of Tool Nose Radius and
Cutting Parameters on Surface
Roughness of Ti-6Al-4 V (ELI)
Darshit R. Shah and Sanket N. Bhavsar

Abstract

Titanium alloys have superior mechanical properties such as high strength to
weight ratio, low elastic modulus and high corrosion resistance. The importance of
surface finish has increased in specific applications such as aerospace components,
biomedical instruments and cryogenic equipment. The lower amount of oxygen,
carbon and iron content has made Ti-6Al-4 V Extra Low Interstitial (ELI) perfect
for such applications. In this paper, a second order model is developed to correlate
the effect of four parameters namely cutting speed, feed, depth of cut and tool nose
radius on surface roughness of Ti-6Al-4 V ELI. Three levels were chosen for all four
parameters. Three coated cutting tool inserts with three different nose radii of 0.4,
0.8 and 1.2 mm were used. The Box–Behnken method of response surface
methodology was adopted to minimize the number of experiments. Data of 27
experiments were used to build the model and predict the surface roughness using
the response surface methodology. The model was tested by ANOVA. The predicted
value of surface roughness varies only 1.5% with the experimental result, which
confirms acceptability of the developed model.

Keywords: titanium alloy, RSM, ANOVA, tool nose radius, surface roughness

1. Introduction

Surface roughness is a key feature for selection of material required to make any
component, especially when it is used in applications such as biomedical implants [1],
orthopedic implants, cryogenic and marine equipment. Ti-6Al-4 V Extra Low Inter-
stitials (ELI) has a low oxygen, carbon and iron content. It exhibits properties such
as a high strength to weight ratio, relatively low elastic modulus and remarkable
corrosion resistance, which makes it perfectly suitable for application in aerospace
components [2]. With many superior qualities, the material also has disadvantages
such as difficult to machine, high chemical reactivity and low thermal conductivity.
Titanium alloys are suitable for components having high reliability and hence the
surface roughness must be maintained to a desired level [3]. Investigation of cutting
parameters on finished products has been undertaken by many researchers. Parame-
ters such as cutting speed, feed, depth of cut [3–6], cutting tool inserts [5] and cutting
time [6] are investigated by many researchers. The effect of cutting parameters on
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power consumption and surface roughness while turning EN-31 was investigated by
[7]. The effect of cutting speed, feed and depth of cut on cutting temperature while
turning EN-36 was also investigated by [8]. A larger nose radius created a finer
surface finish [3, 8]. Chou and Song [9] investigated the effect of tool nose radius on
finish hard turning and reported that a large nose radius gave a better surface finish
but at the same time induces higher tool wear. In the present paper, the effect of four
input parameters namely cutting speed, feed, depth of cut and tool nose radius on
surface roughness are investigated. Experiments were randomized using the Box–
Behnken method, which is an effective method of response surface methodology.
Using these experimental data, a second order model was developed to predict the
response. The model was tested by the popular method of Analysis of Variance
(ANOVA). Confirmation of the experiment was carried out in order to check the
acceptability of the developed model.

2. Experimental procedure

2.1 Workpiece and cutting tool

The material used for the experiment was Ti-6Al-4 V ELI and this was available
in the form of a round bar with a 70 mm diameter and 250 mm length. The
properties of the material is shown in Table 1.

The cutting insert used was coated cemented carbide inserts with ISO designa-
tion as TNMG 160404, TNMG 160408 and TNMG 160412 with nose radius 0.4, 0.8
and 1.2 mm respectively.

2.2 Machining tests

All experiments were performed in a dry environment using CNC turning center
STC-200. The surface roughness was measured at three different positions and then
the average was noted. The measurement was done using a Mitutoyo SJ-210 surface
roughness tester. Four different cutting parameters were chosen. Cutting speed,
feed and depth of cut are process parameters and nose radius is the parameter of the
cutting tool geometry. Table 2 indicates cutting parameters and their levels.

Density Hardness,
Rockwell C

Ultimate
tensile strength

Yield tensile
strength

Elongation
of break

Modulus of
elasticity

Poisson’s
ratio

4.43 g/cc 35 860 MPa 790 MPa 15% 133.5 GPa 0.342

Table 1.
Properties of Ti-6Al-4 V ELI.

Parameters Levels

Feed (mm/rev) 0.05 0.1 0.15

Cutting Speed (m/min) 60 110 160

Depth of Cut (mm) 0.5 1 1.5

Tool Nose Radius (mm) 0.4 0.8 1.2

Table 2.
Cutting parameters and levels.
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In this study, the Box–Behnken method of response surface methodology was
adopted. It is a highly suitable method for minimizing the number of experiments
required for investigation. As in this case, four different parameters with three
levels were chosen, a total of 27 experiments were performed in an order sequence
determined by the Box–Behnken method. Experimental set up is shown in Figure 1
and the corresponding cutting parameters with measured responses are listed in
Table 3.

Figure 1.
CNC turning centre STC-200.

Run
order

Cutting speed
(cs)

Feed
(f)

Depth of cut
(doc)

Nose radius
(nr)

Surface roughness
(Ra)

m/min mm/rev mm mm μm

1 60 0.05 1 0.8 6.573

2 160 0.05 1 0.8 6.076

3 60 0.15 1 0.8 5.977

4 160 0.15 1 0.8 5.864

5 110 0.1 0.5 0.4 8.961

6 110 0.1 1.5 0.4 8.675

7 110 0.1 0.5 1.2 3.519

8 110 0.1 1.5 1.2 2.872

9 60 0.1 1 0.4 8

10 160 0.1 1 0.4 7.954

11 60 0.1 1 1.2 2.851

12 160 0.1 1 1.2 2.348

13 110 0.05 0.5 0.8 5.672

14 110 0.15 0.5 0.8 5.652

15 110 0.05 1.5 0.8 5.162

16 110 0.15 1.5 0.8 5.011

17 60 0.1 0.5 0.8 4.886

18 160 0.1 0.5 0.8 4.786

19 60 0.1 1.5 0.8 4.485

20 160 0.1 1.5 0.8 4.318
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3. Result and discussion

A total of 27 experiments were performed and results were used to investigate
the effect of parameters on surface roughness. It was found that the range of surface
roughness varied from 2.035 to 8.961 μm. The relationship between the cutting
parameters and surface roughness was developed using Minitab-17, which can be
expressed as

Ra ¼ 20:73 � 0:0482 cs � 66:4 f � 4:58 doc � 12:83 nr
þ 0:000232 cs∗cs þ 320 f∗f þ 2:26 doc∗doc þ 4:37 nr∗nr
� 0:0007 cs∗doc � 0:0057 cs∗nr � 0:45 doc∗nr

In order to check the adequacy of the model, an Analysis of variance test was
performed. It consists of three tests i.e. significance of regression model, signifi-
cance of coefficients and lack of fit. It showed that the model has a 93.62% of
coefficient of correlation (R2). Table 4 shows the ANOVA for the current model for
Ra, from which it can be said that the nose radius has the maximum effect in

Run
order

Cutting speed
(cs)

Feed
(f)

Depth of cut
(doc)

Nose radius
(nr)

Surface roughness
(Ra)

m/min mm/rev mm mm μm

21 110 0.05 1 0.4 7.89

22 110 0.15 1 0.4 7.672

23 110 0.05 1 1.2 2.293

24 110 0.15 1 1.2 2.035

25 110 0.1 1 0.8 4.235

26 110 0.1 1 0.8 4.019

27 110 0.1 1 0.8 3.972

Table 3.
Design of experiments and measured responses.

Source DF Adj SS Adj MS F-value P-value % contribution

cs 1 0.974 0.9736 100 0.043 7.27

f 1 1.682 1.6815 137.2 <0.001 9.98

doc 1 1.063 1.0627 241 <0.001 17.52

nr 1 63.42 63.4202 652 <0.001 47.41

cs*doc 1 0.857 0.8566 8.8 0.52 0.64

cs*nr 1 0.65 0.6496 6.6 0.574 0.48

doc*nr 1 1.727 1.7266 17.8 0.365 1.29

Error 12 23.348 1.9457 3.48

Lack-of-Fit 10 17.697 1.7697 0.63 0.75

Pure Error 2 5.651 2.8257

Total 26 104.843 100

Table 4.
ANOVA table for Ra.
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reduction of surface roughness followed by depth of cut and feed rate. And among
the interactions, the depth of cut and nose radius have greatest effect on Ra.

The effects of the main factors and interaction of the factors on surface rough-
ness are shown in Figure 2. It can be observed from the main effect graph that
surface roughness improves with higher cutting speed. This is due to less dissipation
of heat from the workpiece at higher cutting speeds and a reduction in cutting force.
The increase in surface roughness at a higher feed rate is the result of less available
time to carry out the heat from the cutting zone as more material is removed, which
causes accumulation of chips between the tool and workpiece. The increase in
cutting force at a higher feed rate is also responsible for an increase in surface
roughness.

3.1 Optimization plot

The basic aim of this study was to investigate the relationship between the
desired surface roughness and optimized cutting parameters. And to achieve it,
RSM is a helpful technique. Here the goal is to minimize surface roughness. After
the optimization process, the optimum values of the process parameters were
obtained as shown in Table 5. The predicted and experimental value of response are
shown in Table 5. Figure 3 shows the optimization plots. In order to check the
acceptability of the model, a confirmation test was also carried out. It can be clearly
observed that the predicted value of surface roughness varies only 1.5% with the
experimental result and hence the model seems to be acceptable.

Figure 2.
Main and interaction effects.

Response Optimized values of parameters Predicted
value (μm)

Experimental
value (μm)

Cs (m/min) F (mm/rev) Doc (mm) Nr (mm)

Ra 119.60 0.1035 1.1465 1.2 1.9257 1.895

Table 5.
Optimization result.

Figure 3.
Optimization plot.
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4. Conclusion

In this study, a second order model was developed to investigate the effect of
input parameters such as cutting speed, feed, depth of cut and tool nose radius on
surface roughness of Ti-6Al-4 V ELI. The model was tested by ANOVA. The devel-
oped model was used to predict the values of the optimum process parameters in
order to have minimum surface roughness. The optimum values were as follows: for
cutting speed 119.59 m/min, feed rate 0.1035 mm/rev, depth of cut 1.1465 mm and
nose radius 12 mm. This resulted in a predicted surface roughness of 1.9257 μm. The
confirmation test was also conducted, which varies only by 15% that confirms the
acceptability of the model. By the experimental investigation, it can be concluded
that an increase in tool nose radius reduces the surface roughness, which corre-
sponds with work done by previous researchers. The developed model can be used
to formulate an optimization model to predict the optimum input parameters for a
desired response. The integration of modern evolutionary optimization methods
with the developed model can be the focus of future research.
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Chapter

Characterization of Mold Material 
for Small Castings
Dixit V Patel and Piyushkumar B Tailor

Abstract

The casting process has a wide scope for manufacturing small parts with sizes 
in the millimeter range. The commonly used mold materials are not suitable to 
prepare the mold, which has been used for small castings due to various reasons. The 
effort has been made here to identify the appropriate ingredients for mold materials 
for small castings from literature and investigation has been done on their effects 
on compressive strength and thermal stability, which is most important for small 
castings. From the experiments, it has been found that a mixture of three ingredients 
satisfies requirements better when compared to two ingredients for mold material. 
The combination of 30% α-hemihydrate, 30% water and 40% colloidal silica gives 
better thermal stability with an appropriate compressive strength.

Keywords: small casting, mold materials, compressive strength, thermal stability

1. Introduction

The casting process has a wide scope for manufacturing small parts such 
as; gears for watches, small size turbine or wind blade used to produce 5-10 W 
 electricity, various MEMS components and nozzle plates for precision jetting of 
various liquids and gases [1–3]. Normally in the casting process, the molds are 
made from sand, plaster of Paris (POP) or gypsum bond investment (GBI) as these 
materials have a higher surface roughness and mechanical strength [4]. Hence, 
the castings of millimeter to submillimeter sizes are difficult to remove after 
solidification from such molds. The preferable casting process for small castings 
is a centrifugal casting in which compressive force acts on the mold [5]. It means 
that the mold required for casting a small part should not break during the process 
under compressive force and should be easily breakable so the small casting can be 
removed without damage from the mold. Apart from this, obviously it is expected 
that mold must withstand an elevated process temperature, which means a higher 
thermal stability [5, 6]. Hence, it is understood that the required characteristics 
of a mold for small casting are different to a mold for the normal casting process. 
To explore this domain with scientific background, the initial literature survey has 
been conducted as follows.

Scheu et al. [7] used POP for making the mold. They have found that POP 
material has low thermal stability and negligible permeability. However, it is not a 
favorable condition to cast small parts. Luk and Darvell [8] found that the thermal 
stability of the mold can be increased by mixing α-hemihydrates powder with a 
different binder material such as cristobalite, beauty cast, nova cast, and deguvest 
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california. Earnshaw [9] shows that the ecompressive strength of heated GBI 
depends mainly on added ingredients and the use of sodium chloride reduces the 
compressive strength of investments after heating. Ohno et al. [10] show that com-
pressive strength GBI change at higher temperatures due to phase transformation of 
calcium sulfate and silica. They have also found that α to β transformation of silica 
does not have considerable effect on compressive strength of GBI. Brien and Nielseen 
[11] have observed that calcium sulfate did not decompose until 1200°C. They have 
suggested that GBI material should not be heated above 700°C because it reacts with 
carbon sulfate that contaminates or makes the casting brittle. Jones [12] has reported 
that thermal decomposition of GBI starts from 650°C but it is very fast in a tempera-
ture range of 900–1000°C. Matsuya and Yamane [13] reported that decomposition 
began at about 900°C and forms CaSiO3 and Ca2SiO4. Rath et al. [14] have dem-
onstrated that 0.5 μm surface finish can be achieved using the molding mixture of 
20% fine stone, 80% quartz with 19–30 ml of water, which is lower than the surface 
roughness of 1.1 μm in the commercial investment cast specimen.

It is understood from the above literature that the mold made from α-hemihydrates, 
silica and water is more appropriate to cast small parts. The work has been done on a 
temperature of mold but there is scope in a composition of mold for small castings. 
Hence, attempt has been made in the present work to investigate the role of ingredients 
on the compressive strength of the mold as it is important for the success of small 
castings through the centrifugal casting process. For the better filling and castings, it is 
preferable to use preheated molds and hence the effect of temperature was also studied.

2. Experiment

2.1 Materials used

The α-hemihydrate fine powder was used as a binder material to achieve a coher-
ent solid mass received from M/S Olympic chemical industry, India. The colloidal 
silica was received from M/S Lodhika, India and was employed as a filler material as 
well as to achieve better thermal stability of the mold. Apart from this, the distilled 
water was used as a chemical modifier. For small castings, it is favorable to use 
minimal ingredients.

2.2 Measurements and equipment used

The universal testing machine (M/S Fine Spacy Associates and Engineering 
Pvt. Ltd., India) has a loading capacity of up to 600 kN within +1% accuracy with 
IS:1828/BS:1010 standard. The compressive strength was measured as per ASTM 
D395 standards and the specimen had a 1:2 diameter to height ratio. For the small 
casting, the preheated mold was used to minimize the temperature difference 
between the molten metal and mold to improve the filling rate of the molten metal 
into the mold cavity or minimize the shrinkage effect of the cast material. For this 
reason, the specimen was tested at an elevated temperature by preheating in a 
muffle furnace (M/S B.S. Pyromatic India Pvt. Ltd., India) with a maximum heat-
ing capacity of 1200°C with an accuracy of ±3.0°C temperature.

2.3 Experimental procedure

The best selected binder material, filler material and chemical modifier cannot 
produce a good casting until they are efficiently and properly mixed and prepared. 
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The quality of the mold depends upon the manner in which it is prepared. The 
specimen as a representative of mold material is prepared from α- hemihydrate, 
water and colloidal silica of different composition as mentioned in Table 1. The 
ingredients are mixed with a mixture machine for 10 minutes and after that, it was 
casted in a cylindrical specimen as per ASTM D395 for test. The first combination 
was made of a binary mixture of α-hemihydrate and water, the second binary was 
made from α-hemihydrate and colloidal silica, and the third mixture was made 
from three ingredients i.e. α-hemihydrate, water and colloidal silica and was called 
the specimen of a tertiary mixture.

3. Result and discussion

The effects of individual ingredients on compressive strength are discussed 
below.

3.1 Effect of water

As shown in Figure 1, it has been found that a reduction in water content 
from 50 to 30% increased the compressive strength by 22.4% because low water 
content slurry produced a homogeneous mixture but further reduction of water 
content reduces the compressive strength by 9.9% because low water content 
does not encourage the chemical reaction or embedding of the α-hemihydrate 
powder.

3.2 Effect of colloidal silica

Figure 2 shows that adding colloidal silica to α-hemihydrate decreases the 
compressive strength of the mold material. The 30% reduction of colloidal silica in 
a mixture contributed to a 11.6% increase in compressive strength because of the 
effective chemical reaction with α-hemihydrate powder by the fine quartz particles 
of colloidal silica.

3.3 Combined effect of water and colloidal silica

It was found that when the mixture contained three ingredients (Figure 3) i.e. 
water, colloidal silica and α-hemihydrate, the compressive strength of the mold 
material decreased. The compressive strength was found to increase with a higher 
amount of water content than colloidal silica. When a large amount of colloidal 
silica was added, the compressive strength of the mold decreased. These factors 
allowed for the removal of the small castings from the mold without any damage.

Ingredients Levels (by weight %)

α-hemihydrate 30, 40, 50, 60, 70, 75

Water 25, 30, 40, 50

Colloidal silica 10, 20, 30, 40, 50, 60, 70

Table 1. 
Used percentage of ingredient to prepare mixture.
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Figure 1. 
Effect of water on compressive strength in a binary mixture.

Figure 2. 
Effect of colloidal silica on compressive strength in a binary mixture.
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3.4 Effect of temperature

During the casting process, the mold has to sustain a high temperature and there 
should be a small temperature difference between the mold and molten metal as 
discussed in the introduction section. Hence the effect of temperature on mold 
material as well as on its compressive strength was investigated.

Through the experiment, it was found that cracks were initiated in a speci-
men having 60% α-hemihydrate and 40% water from 750°C temperature because 
of thermal expansion as shown in Figure 4. Whereas, as shown in Figure 5, the 
added colloidal silica up to 40% in the mixture increased the heat resistance of the 

Figure 3. 
Combined effect on compressive strength in a tertiary mixture.

Figure 4. 
60% α-hemihydrate and 40% water content up to 750°C temperature. (a) Before preheating. (b) After 
preheating.
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mold material and it could withstand up to 900°C without any cracking. Apart from 
this, its compressive strength was also comparatively less i.e 7.21 MPa which shows 
that the percentage ingredients can appropriate for small casting. Hence that has 
been taken into consideration for further future investigation.

4. Conclusions

The composition of mold material for small castings requires the ability to 
withstand an appropriate compressive strength and thermal stability particu-
larly when they are made by the centrifugal casting process. The literature also 
infers that under this circumstance, the composition of mold material should be 
α-hemihydrate, colloidal silica and water. Based on current work, the following 
specific conclusions can be derived.

• In case of a binary mixture of mold material, the water or colloidal silica 
content individually reduces the compressive strength. The 20% water reduces 
the compressive strength by 22.4%. However, 30% colloidal silica gives a 11.6% 
reduction.

• The water content promotes homogeneous mixture and colloidal silica collec-
tively gives better thermal stability at the cost of inferior compressive strength 
in the case of tertiary mixture as compared to binary mixture of mold material.

• It has been found that a combination of 30% α-hemihydrate, 30% water and 
40% colloidal silica gives better thermal stability with an appropriate compres-
sive strength.

Figure 5. 
30% α-hemihydrate, 30% water and 40% colloidal silica up to 900°C temperature. (a) Before preheating. 
(b) After preheating.
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Chapter

A Review for Feed Rate 
Optimization of Spiral Tool Path 
Using Cutter Engagement Angle 
and Step Over
Shriprakash V. Dwivedi and Divyangkumar D. Patel

Abstract

2.5D pocket machining is extensively used in aerospace, shipyard, automobile, 
dies and mold industries. In machining of 2.5D pockets, conventional toolpath 
strategies, such as directional parallel tool path and contour parallel tool path, are 
generally used. However, these tool paths greatly limit the machining performance 
in terms of machining time, surface finish and tool wear because of repeated 
machining direction alteration, stop-and-go motion, sharp velocity discontinuity, 
and frequent repositioning, retraction, acceleration and deceleration of the tool. 
To overcome the above-mentioned problems of conventional tool path strategies, 
many tool path strategies are proposed of which spiral tool path is most widely 
used. The spiral tool path provides an efficient way to produce a pocket, but it suf-
fers from some problem such as bottleneck in a narrow region, variation in step over 
and cutter engagement angle (hence, change in cutting load), etc. This change in 
cutting load affects surface roughness. Hence, a review for feed rate optimization of 
spiral tool path using cutter engagement angle and step over is discussed.

Keywords: pocket machining, cutter engagement angle, step over, feed rate 
optimization, spiral tool path, high speed machining (HSM)

1. Introduction

Generally, the material inside a closed region on a flat surface of a workpiece 
is removed up to a fixed depth using flat bottom end mills in pocket machining. 
Roughing operation is done to cut the volume of material at the initial stage and 
after that the pocket is finished by a finish end mill. Most of the industrial milling 
operations (up to 80%) can be machined by 2.5D CNC milling [1]. Pocket machin-
ing (Figure 1) refers to making an inner empty volume starting from a workpiece 
face. The created empty volume is known as a pocket. A cutter refers to a milling 
cutter that is used to create a pocket on the workpiece. It also can be seen that 
the material is removed from stock, layer by layer until pockets are formed and a 
manufactured part emerges [2].

Feed or feed rate is the “relative velocity at which the cutter advances into the 
workpiece and in a given direction”, which is measured in millimeters per minute 
(mm/min), or inches per minute (in/min). Step over as shown in Figure 2 is a 
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milling parameter that is defined as “the distance between two neighboring passes 
over the workpiece”. Step over is also used to calculate the number of tools being 
passed and cut again on a finished surface [4]. Cutter engagement angle (α) is 
defined as the “angle which spans the part of the tool surface that performs cutting” 
as shown in Figures 3 and 4 [5]. Figure 4 shows that the cutter engagement angle 
varies depending on the availability of tool path and shape of pocket required.

The spiral tool path starts as a spiral from the center of pocket geometry and 
takes the shape of the pocket boundary. The spiral tool path strategy is expected to 
machine pocket with lower tool path length, lower machining time, less tool wear, 
capacity to extract the material at corners, the capability of a tool path to reduce 
variation in step over, etc. The machining parameters such as feed, speed, depth of 
cut, tool path strategy, step over, engagement angle, etc., affect machining time, 
surface roughness, tool wear, accuracy and efficiency of the tool path so the selection 
of these parameters is important and it should be precisely selected and controlled.

High speed pocket machining (HSM) is described as end milling with 
small diameter tools (less than 10 mm) at a high rotational speed (greater than 
10,000 rpm) and power is greater than 10 HP compared to conventional techniques.

Figure 1. 
Representation of pocket machining [3].

Figure 2. 
The term step over [4].
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1.1 Advantages of high speed pocket machining

• Higher material removal rate.

• Less machining time required compared to conventional machining.

• It can be used to machine any complex shape.

• The accuracy of pockets can be increased by selecting appropriate tool path 
strategies.

• Less tool wear leads to longer tool life.

1.2 Limitations of high speed pocket machining

• Appropriate selection of tool path strategies is crucial.

• High speed machining center is required.

• Cost is high compared to conventional machining.

Figure 3. 
(a) Straight segment of the tool path (b) Curved segment of the tool path with cutter engagement angle (α) [5].

Figure 4. 
Changes of cutter engagement angle (α) at different tool motions [6].
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2. Literature review

Bieterman and Sandstrom have described a novel curvilinear tool path genera-
tion method but it is not suitable for pockets that are too concave. They showed 
experimentally that morphing leads to reductions in tool wear when cutting hard 
metals and machining time up to 30% in cutting all metals [2]. Topal and Eyüp 
Sabri have showed the role of the step over ratio in surface roughness prediction 
studies. It was found that surface roughness values are influenced by step over and it 
could not be possible to predict the surface roughness precisely without considering 
step over [4]. Held, Martin and Christian Spielberger proposed a geometric heu-
ristic to disintegrate an arbitrarily complex pocket with or without an island into 
uncomplicated sub-pockets by considering cutter engagement angle and step over 
for acceptable tool path for efficient spiral high-speed machining. They showed 
that pocket disintegration improved quality parameters, improvement in step over 
variation, the maximum slope of the engagement angle and the tool path length [5]. 
Kloypayan, Jirawan and Yuan-Shin Lee have presented a technique for analyzing 
the material removal rate when a tool moves in linear, circular or parametric curved 
motions. They showed that optimal material removal rate is obtained by increasing 
the feed rate in the ball end milling process [6].

Gupta et al. suggested a geometric algorithm described for computing piece-
wise stable closed-form cutter engagement functions for 2.5D milling operations to 
determine an efficient cutter path and to improve it. Further results are compared 
with discrete simulations which showed that cutter engagement angle increases 
in circular cuts and linear half-spaces of the same [7]. Dharmendra and Lalwani 
created a spiral tool path of elliptical pockets for CNC machine using PDE. It was 
found that machining time depends on the ratio of the major to minor axis of the 
elliptical pocket and tool path length also increased [8]. Further, they carried out an 
investigation on AISI SS material using a spiral tool path for elliptical pockets. They 
reported that tool path length, tool utilization, machining time and surface rough-
ness etc. was affected by variation in the shape of pockets and different tool path 
strategies [3].

Stori and Wright proposed a generative spiral-in algorithm for 2.5D material 
removal of convex geometries. It was found that there were decreased changes in 
cutting forces during cornering and pocketing application [9]. Kaymakci et al. 
found that the cutting forces for complicated sculptured surfaces can be forecast 
precisely using new forced based feed rate scheduling strategy. It was validated 
experimentally that the cycle time of sculptured surface machining is reduced up to 
38.1% greatly with forced based feed scheduling strategy [10]. Bae et al. proposed 
an automatic feed rate adjustment method for cutting force model, they showed 
that cutting load and feed rate can be easily determined without any computations 
[11]. Chen et al. proposed the feed rate optimization of the high-speed ball end 
milling process. It was found that the feed-interval scallop height limits the feed 
rate for high efficient machining with use of advanced tool technology and if the 
specifications of the notch cut profile can be optimized then the feed rate can be 
increased more [12].

Dong et al. investigated the chances of scheduling or changing the feed rate by 
considering the geometry of the contour. By regulating the magnitude of cornering 
errors, the different jerk constraints were fixed [13]. Gong and Feng invented a new 
method to resolve the cutter workpiece engagement for general milling processes 
which were validated by a series of case studies of increasing machining complexity 
to indicate its usability to general milling processes [14]. Ko and Cho invented an 
analytical model of off-line feed rate scheduling to resolve desired feed rates for 
3D ball-end milling. It was found that the presented feed rate scheduling model 
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decreased machining time with more accuracy [15]. Merdol and Altintas presented 
the modeling of process simulation in a potential environmental and computation-
ally effective algorithm for optimal selection of machining specifications while 
considering process constraints and changes in the part geometry along the tool 
path. Results showed a maximum material removal rate and productivity without 
affecting torque, power, and tool deflection limits [16].

Uddin et al. invented a new tool path modification plan for constant engagement 
with a workpiece in 2.5D end milling. Machining results were analyzed and results 
showed that this plan can increase the machining accuracy related to feeding rate 
control strategies [17]. Tounsi and Elbestawi suggested an optimized feed schedul-
ing approach increasing the metal removal rate in 3-axis machining while assuring 
the machining accuracy. It had been concluded that this approach gives great adjust-
ment of the cutting force and develops the reference tool locations for a given tool 
path [18]. Desai et al. suggested a technique to minimize surface error variation due 
to engagement changed in pocket end milling by adjusting machining approach 
for the curved components. It was observed that the suggested technique is quite 
effective for reducing the variation in surface error [19]. Pateloup et al. suggested a 
method to minimize machining time and tool path advancement by adjusting the 
corner radius using computer-aided manufacturing system. It was concluded that 
the use of B-spline for the tool path calculation is a significant advancement related 
to lines and arcs [20].

3. Conclusions

Many researchers have studied work on pocket machining with an aim to 
improve the process in terms of surface quality, the accuracy of pockets and 
machining time. 2.5D pocket machining has proved to be an efficient process for 
high-speed machining.After a detailed investigation of the published work, the 
following conclusions were developed from the existing published work:

• Most of the research focused on a 2.5D pocket machining as well as high-speed 
machining.

• Feed rate and cutter engagement angle are the most dominating factors that 
affect surface roughness, cutting load, tool wear while machining of 2.5D 
pocket on HSM.

• Also, it was found that the spiral tool path helps to reduce step over variation, 
machining time and increase the tool life etc.

• Very scarce amount of work is reported on feed rate optimization of spiral tool 
path using cutter engagement angle and step over.
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A Review on Carbon Nanotube-
Based Dry Electrode for EEG 
Recording
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Abstract

The electroencephalography (EEG) is the way that the brain communicates 
with a computer and electronic devices also referred to as a mind-machine interface 
(MMI) or a brain-machine interface (BMI). Human organs such as the brain, heart 
and muscles producing μV to mV biopotential which can be measured through 
electroencephalography (EEG), electrocardiography (ECG) and electromyography 
(EMG) respectively. With the advancement in electronics, microelectromechanical 
manufacturing and biocompatible material, controlling of electronic actuating 
devices has become an area of great research interest. The EEG signal is captured 
by an electrode which is either classified as a dry and wet electrode. This study 
focuses on a new emerging field of dry EEG electrode design with a carbon nano-
tube (CNT) as the sensing material. Clinical research has proved that CNT does not 
have cause any skin allergic and irritation effects when compared to wet electrodes, 
which use a conductive gel that has an adverse effect on the skin in the long-term. 
The multiwall CNT is used with conductive polymers with a variation in electrode 
design aspects such as shape, size, thickness, microneedle array and amount of 
CNT in composition with the conductive polymer. In this article, the quality of 
the acquired EEG signal is discussed based on variations of the above-mentioned 
design aspects.

Keywords: electroencephalography, carbon nanotube, conductive polymer,  
EEG electrodes, microelectromechanical system

1. Introduction

There is rapid growth in medical electronic devices in the wearable health moni-
toring system such as wheelchair control, robotic prosthetic arm, brain disease, 
virtual reality and augmented reality etc. [1–4]. In medical diagnosis, biopotentials, 
such as an electroencephalogram (EEG) from brain, electromyogram (EMG) from 
muscles, and electrocardiogram (ECG) from heart are commonly used techniques 
to measure the electrical activity also termed as electrophysiology. Currently, the 
signal is captured from the outer layer of skin with the help of hydrolytic gel and an 
Ag/AgCl electrode. The hydrolytic gel becomes dehydrated on long-term measure-
ment which adds noise as well as deteriorates signal quality [5, 6]. Moreover, this 
conductive gel can cause skin irritation and allergic effects. To overcome this issue, 
the need arose to develop a dry EEG electrode having long-term signal acquisition 
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stability with minimum noise. Earlier, some dry electrode were proposed with 
sensing material such as gold, silver, Ti/TiN, iridium oxide (IrO), platinum, tin, 
stainless steel etc. [7, 8]. The focus of researchers was on the design of the sensing 
part of the EEG electrode (Figure 1) [9–12]. To match the scalp skin curve and to 
minimize the effect of motion artifacts, screen-printed electrodes were also pro-
posed and results showed that they were less prone to motion artifacts and noise 
[13, 14]. It was found that the carbon nanotube does not cause any skin irritation or 
allergic effects [15]. The carbon nanotube is a nanomaterial because of its excel-
lent physical and chemical property and is now popular in medical field [16, 17]. 
Mostly, polydimethylsiloxane (PDMS), epoxy-based PTF silver ink (XCMS-015), 
polypyrrole (PPy) polythiophene (PTh) etc., is used to create the conductive 
matrix along with CNT. CNTs are also used for the coating material to improve the 
electrical conductivity [18, 19]. There are several CNT based electrode designs such 
as a micro-needle array, ENOBIO, CNT/PDMS, vertical CNT, polypyrrole (PPy) 
conductive polymer coating of dry patterned vertical CNT (pvCNT), self-adhesive 
and capacitive, and skin like CNT [4, 20–25]. In this article, the design, fabrication 
and response of this type of electrode will be discussed.

2. Electrode design

2.1 Electrode standard

International Federation of Clinical Neurophysiology (IFCN) [26] has standard-
ized 16 channels as a minimum requirement for satisfactory results.

To acquire signal, the electrode-position has a letter F, T, C, P and O, which 
stand for frontal, temporal, central, parietal, and occipital lobes, respectively as per 
10–20 system [26]. The electrode should be provided with reference and electron-
ics grounding. Furthermore, the digital sampling rate should be 200 samples/s, 
minimum resolution of at least 12 bits and must have minimum steps of 0.5 mV, 

Figure 1. 
Various EEG electrodes (a) spring loaded dry electrode [9], (b) bristle type dry electrode [10], (c) nano contact 
type dry electrode [11], (d) dry sensor electrode [12].
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minimum electrode impedances below 5 kΩ. Any other noise in the recording 
should be less than 1.5 mV peak-to-peak and 0.5 mV root-mean-square at any 
frequency from 0.5–100 Hz including 50–60 Hz [26].

2.2 Coating type dry electrode design

The electrode with application of the multiwall carbon nanotube (MWCNT) 
was tested on a pig and then human with an aim to eliminate the application of 
skin preparation, conductive gel and improve wearability [20, 27]. This electrode 
penetrates inside the outer layer of skin called the Stratum Corneum (SC). Here, 
two designs were proposed: first, non-polarized with a silver/silver chloride (Ag/
AgCl) coating and, second, polarizable electrode without coating the MWCNT with 
a diameter of ca. 50 nm and length 20–30 μm. A vertical aligned CNT on Parylene-C 
polymer substrate was used to acquire a signal from the crayfish nerve cord. The 
electrode was fabricated with the chemical vapor deposition technique and pro-
posed in [28]. Similar to conventional electrode design and ready to plug with exist-
ing EEG device, a CNT/PDMS wearable monitoring device was proposed in [21]. 
The MWCNT with 1–25 μm length had a 93% purity. Ultra-flexible micro-ECoG 
poly (ethylenedioxythiophene) PEDOT-CNT coated electrodes were introduced by 
[18]. In this technique, the signal was acquired from the below the scalp skin and this 
classifies as an invasive method of EEG recording. In this experiment, a 4 μm thick 
polyimide was deposited on a silicon wafer. A 20 nm thick titanium layer was added 
onto polyimide then 200 nm thick gold (Au) file placed over titanium. Finally, a 
20 nm thick chromium (Cr) layer was used to cover the underlying metal. Through 
the lithography process, the 100 μm × 100 μm pad was obtained. For a hairy scalp, a 
self-adhesive and capacitive carbon nanotube based electrode design proposed [4]. 
The electrode consists of mainly three layers namely solderable metal Ti/Au, PDMS 
polymer as a middle ring and CNT/aPDMS sensing layer. The high conductive CNT/
aPDMS sensing material has an adhesive property as well as being flexible in shape. 
It is adjusted on the hair and decreases the electrode-skin impedance.

Another research group designed CNT and adhesive PDMS matrix and recorded 
alpha rhythm steady state to evoke potential and auditory steady state response. 
They proposed an electrode with three layers—bottom aPDMS layer comes in 
contact with skin while CNT/aPDMS is the middle layer and Au/Ti/polyimide is 
the upper layer [24]. A research group [23] proposed a novel dry electrode where a 
vertical MWCNT was coated by polypyrrole (PPy) conductive polymer. This coated 
pillar was placed over a stainless steel foil of ϕ10mm. The CNTs with 1–1.5 mm 
growth taken at the space interval of 50, 100 and 200 μm.

2.3 Conductive polymer

Most of the proposed electrodes for EEG, ECoG, ECG etc., use Parylene-C, 
polydimethylsiloxane (PDMS), poly-ethylenedioxythiophene (PEDOT), polyimide 
and polypyrrole (PPy) as conductive polymers [4, 18, 21, 23, 24, 28]. This is mainly 
due to the flexibility, high conductivity and biocompatibility and these materials 
have been used for vision prosthesis [29], neural prosthetic and neural interface 
[30, 31], and microneedle type sensing for neural interface.

3. Electrode response discussion

The alpha waves (8–12 Hz) and β waves (15–30 Hz) were recorded at position 
Fp2 with limited trails and they found less noisy signal compared to a wet electrode. 
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A flexible CNTs electrode [28] received signal from a crayfish nerve cord with a 
1 kHz frequency at 11.07 kΩ impedance which falls under the typical EEG record-
ing. The result shows that CNTs and polymer matrix-based electrodes adhered 
along the bio-tissue for long-term recording. The research group noticed that CNT 
based electrodes had low impedance values when compared to Au or Pt based micro 
fabricated electrodes as well as smaller plastic capacitance. CNT/PDMS electrodes 
[21] with variation in CNT/PDMS composition, electrode thickness and diameter 
for a long-term wearable application were designed with samples 1, 1.5, 2 and 
4.5 wt% CNTs in composition and 1, 2 and 3 mm variation in thickness while 20, 
30, 40 mm variation in diameter. It was concluded through an electrical conductiv-
ity test that the conductivity of the electrode depends on the CNTs concentration. 
The proposed design was adjustable to current EEG setup by replacing the wet 
electrode. The results noticed that there was a negligible effect of electrode thick-
ness on quality of ECG signal. Furthermore, the signal quality was increased with 
high wt% of CNTs.

The commercially available Ag/AgCl electrode is prone to motion artifact 
due to high skin-electrode impedance and this can be avoided using CNTs based 
electrodes. Further, another research group did a study on the effect of the verti-
cally aligned CNTs electrode [22] on ECG signal and found similar results. Here, 
the CNTs were vertically deposited on the stainless steel material with 50, 100, 200 
and 500 μm spacing. It has been noted that the impedance remained stable over 
the period of time in the pvCNT type electrode. The same design was improved by 
coating the electrode with the electrically conductive polymer (PPy) to increase the 
bonding strength with a substrate. To record the EEG signal from the hairy scalp 
is a challenging task as the presence of hair and air will increase the skin-electrode 
impedance and will result in degradation of signal quality. For this challenge, a 
self-adhesive and capacitive electrode design proposed in [4]. The alpha and steady-
state evoke potential acquired by placing a dry electrode close to a wet electrode, 
the reference and ground electrodes placed at A2 and Fpz location respectively. The 
electrode was fabricated with 2.5 mm height and 3 mm diameter, on applying gentle 
pressure, its CNT/aPDMS layer filled the air gap and comes in contact with the skin 
even in the presence of hairs. Signal to noise ratio was recorded 3.71 ± 0.17 dB, the 
same aspect was noted 2.79 ± 0.13 dB in aPDMS without CNT. The signal quality 
was found to be good when compared with a wet electrode including an effect of 
motion artifacts.

4. Conclusion

All the proposed designs and results of CNTs indicate that it can be used as a 
substitute for a wet electrode to avoid the skin irritation and allergic effects without 
compromising signal quality. Through CNT/PDMS, ECG electrode signals were 
successfully taken for 7 days without degradation, which also shows that CNTs do 
not cause allergy and irritation on the skin like wet electrode [21]. This electrode 
can be reused after cleaning with alcohol, which reduces the cost as compared to 
wet electrodes are disposed once gel drys or evaporates. Also, Ag/AgCl electrodes 
signal quality deteriorates as sweat affects the gel. Moreover, through the cytotoxic-
ity test it was found that this design was suitable for long-term ECG monitoring due 
to biocompatibility. The micro-ECOG design [18] proved that electro-chemically 
PEDOT-CNT nanocoatings are suitable for in vivo application to record signal from 
rat somatosensory cortexes via multi-whisker deflections. Furthermore, Platinum 
(Pt) electrodes coated with bioactive PEDOT [29] coatings can be applied to both 
vision prostheses and a wide range of other neuroprosthetic implants, which also 
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help to study biocompatibility of conductive polymers. Most of these studies were 
carried out on volunteers below 35 years of age, a future scope is to test it on elderly 
people. These results show that in future there is scope for further experiments on 
CNTs and conductive polymer matrix application for human neural compatibility 
and commercialization.
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Inverse Kinematics Solution for 
Piecewise Continuum Hyper 
Redundant Robot Using Vector-
Space Representation
Harsh Bhatt, Saurin Sheth, Pramit Dutta and Naveen Rastogi

Abstract

Hyper-redundant robots have found their applications in many areas due to their 
dexterity and flexibility. Robots that are analogous in the morphology of snakes or 
elephant trunks can be used for inspection of confined spaces and remote locations. 
Due to the very high number of degrees of freedom, solution of inverse kinematics 
problem is difficult to obtain. In this paper, the possibility of solving the inverse 
kinematics problem of a piecewise continuum hyper-redundant using vector-space 
representation is evaluated. As continuum robots have a large number of links 
compared to other categories of hyper-redundant robots, it is important to identify 
the position and orientation of each link in order to obtain the desired shape. The 
algorithm that is discussed in this paper is based on vector-space representation 
where each link of a robot is represented by a vector. The extrinsic approach is 
used for controlling the positions of each link. The complete robot is divided into 4 
sections, each consisting of 10 links. Thus, for up-down and left–right movement 
of each sections, in total 16 motors and hence 16 wires are used to control the robot. 
The control algorithm giving results of inverse kinematics problem in the form 
of wire lengths is prepared in MATLAB and its simulation is also discussed in the 
paper.

Keywords: hyper-redundant robot, wire-driven, bio-inspired, inverse kinematics, 
control algorithm, continuum robot

1. Introduction

Hyper-redundant robots are widely used in the field of medical, rescue, indus-
tries and for inspection of remote areas and confined spaces. For the application 
in medical or in confined spaces like nuclear reactors or any other, the precise and 
accurate position of each link is essential.

There are basically three methods to find the inverse kinematics of hyper- 
redundant robots, which are geometrical, analytical and hybrid. A geometrical 
method of a piecewise continuum hyper-redundant robot is discussed in [1, 2]. 
Assuming constant curvature, geometrical relations between bending angle and 
wire length is established. Analytical approach to solve the inverse kinematics prob-
lem is discussed in [3]. A hybrid approach, combining numerical and analytical 
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approach is discussed in [4]. Hyper-redundant robots are widely used in the medi-
cal field. Geometrical modelling of a bending section with one or two subsections 
at the end of an ureteroscope for urological surgery is discussed in [5]. Some other 
various methods include the numerical method [6], triangulation methods [7], 
multi-objective genetic alorithm [8], and Artificial Neural Network (ANN) [9, 10].

In this paper, the control algorithm to find the inverse kinematics solution using 
vector-space representation is proposed. Each link of piecewise continuum robot is 
represented by a vector in 3D space. There are 4 sections assumed in the robot and 
each section has 10 links. Thus, 40 vectors representing 40 links will be controlled 
using this algorithm.

Here, all the links are controlled with a group of wires. At the end of one section, 
four wires are attached. A motor is connected to the other end of the wires to con-
trol up-down and left–right movement of robot by pulling or releasing the wire. For 
another section, a group of four wires is connected at an offset of 22.5° with respect 
to first group and similarly all other sections are connected with wires. So, for 4 sec-
tions, 16 wires are connected to 16 motors. The solution of the inverse kinematics 
problem includes the length of all the 16 wires for any particular shape of robot.

Figure 1 shows the proposed design of a piecewise continuum hyper-redundant 
robot.

2. Control algorithm and inverse kinematics

From the literature review, it is observed that the geometrical approach to 
solve the inverse kinematics problem of hyper-redundant robot is more accurate 
among other approaches. Here, the geometrical approach is used along with vec-
tor-space representation. Each link of the hyper-redundant robot is represented 
by a vector where vector length is equal to the distance between two consecutive 
links. The direction of the first vector in the xyz-plane can be controlled and 
after orienting it at any direction, when the robot moves forward, the first vector 
will move in the same direction it has been set to and each vector will follow that 
direction until direction of first vector is changed. After changing the direction of 
first vector at any point, all following vectors will also change their direction from 
that particular point only. Thus, this algorithm is also called “Follow the leader” 
type algorithm.

Figure 2 shows the sequential movement of 4-links discrete type hyper- 
redundant robot in a simulation workspace.

In a continuum type robot, one common assumption is made which is proved 
in [11] and that is Constant Curvature Assumption. It is assumed that whenever a 
continuum arm rotates and takes any bending position, all the links of the robot 

Figure 1. 
Proposed design of hyper-redundant robot.
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bends at the same angle. Total bending angle can be calculated by multiplying the 
angle between two consecutive links and the number of links. After taking constant 
curvature assumption into consideration, a new control algorithm is prepared for 
4 sections where each section contains 10 links. Here, each link is represented by a 
vector and 10 vectors make a group of vectors which represents a section. As shown 
in Figure 3, the direction of the first section can be controlled and when the robot 
moves forward, each section will follow the direction of its leader section.

A Continuum Type Hyper-redundant Robot is more flexible and dexterous 
compared to a Discrete Type Robot. And that also makes the solution of inverse 
kinematics problem of continuum robot more complicated than in the discrete 
robot. Using the vector-space discussed here, an inverse kinematics solution for 
continuum robot is obtained.

While solving the inverse kinematics problem of the hyper-redundant robot, 
the final results that needed to be obtained are the change in wire lengths for any 
desired position of robot. Here, change in wire lengths is calculated with the help 
of vector lengths. Whenever any vector (either first vector or following vector) 
changes its direction, its length in the x,y and z direction changes. These changes in 
lengths of vectors are used to calculate the length of the Top-Bottom and Left–Right 
wires by establishing geometrical relations between positions of vectors and wires. 
To make the calculation easy, the whole wire is divided into numbers of segments 
equal to the number of links. How each length of each segment of wires is calcu-
lated is shown in Figure 4.

Calculations are done for piecewise continuum type hyper-redundant robot 
considering constant curvature assumption.

Change in length of both inner and outer wires between two consecutive links:

   L  left   =  L  0   –   (d / 2)    ∗  sin θ  

   L  right   =  L  0   +   (d / 2)    ∗  sin θ  

Figure 2. 
Sequential movement of 4-link discrete robot: (a) initial position; (b) rotation of last link with respect to 
X-axis by 10° anti-clockwise; (c) move one step forward; (d) rotation of last link with respect to Y-axis by 10° 
anti-clockwise; (e) move one step.
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where, L0 = distance between two links on centerline.
Here, consider L0 as our vector length.
In this arrangement, the positions of four wires of each section are different. Four 

wires of section 2 are offset to 22.5° from wires of section 1 as shown in Figure 5.

Figure 3. 
Sequential movement of continuum robot: (a) initial position; (b) section-4 rotated with respect to X-axis 
by 10° anti-clockwise; (c) move one step forward; (d) move one more step forward; (e) rotate section-4 with 
respect to Y-axis by 10° anti-clockwise.

Figure 4. 
Geometrical relation between vector and wire length.
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Here, for vertical movement of section 2, both top and left wires need to be 
pulled and the bottom and right wires need to be released.

The amount of extra length change due to wire offset will be    (d / 2)    ∗  cos  α   ∗  sin θ   
in the wires for their respective assigned motions (Top-Bottom wires 
for vertical motion and Left–Right wires for horizontal motions) and 
   { (d / 2)  −   (d / 2)    ∗  sin α}    ∗  cos θ  in other two wires (Top-Bottom wires for horizontal 
motion and Left–Right wires for vertical motions).

After offset in wire positions is considered, the change in wire lengths of all four 
sections is as follows:

Section 1: Vertical or Horizontal movement

   L1  Bottom−Top   =  L  0   ±   (d / 2)    ∗  sin θ.  

   L1  Left−Right   =  L  0   ±   (d / 2)    ∗  sin φ.  

Section 2: Vertical movement

   L2  Bottom−Top   =  L  0   ±   (d / 2)    ∗  sin  θ   ∗  cos α.  

   L2  Left−Right   =  L  0   ±   (d / 2)    ∗  sin  φ   ∗  sin α ±  { (d / 2)  −   (d / 2)    ∗  cos  α   ∗  sin θ} .  

Section 2: Horizontal movement

   L2  Bottom−Top   =  L  0   ±   (d / 2)    ∗  sin θ ±  { (d / 2)  −   (d / 2)    ∗  cos  α   ∗  sin φ} .  

   L2  Left−Right   =  L  0   ±   (d / 2)    ∗  sin  φ   ∗  cos α.  

Section 3: Vertical movement

   L3  Bottom−Top   =  L  0   ±   (d / 2)    ∗  sin  θ   ∗  cos  (2α) .  

Figure 5. 
Offset positions of wires in section-2.
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   L3  Left−Right   =  L  0   ±   (d / 2)    ∗  sin  φ   ∗  sin  (2α)  ±  { (d / 2)  −   (d / 2)    ∗  cos   (2α)    ∗  sin θ} .  

Section 3: Horizontal movement

   L3  Bottom−Top   =  L  0   ±   (d / 2)    ∗  sin θ ±  { (d / 2)  −   (d / 2)    ∗  cos   (2α)    ∗  sin φ} .  

   L3  Left−Right   =  L  0   ±   (d / 2)    ∗  sin  φ   ∗  cos  (2α) .  

Section 4: Vertical movement

   L4  Bottom−Top   =  L  0   ±   (d / 2)    ∗  sin  θ   ∗  cos  (3α) .  

   L4  Left−Right   =  L  0   ±   (d / 2)    ∗  sin  φ   ∗  sin  (3α)  ±  { (d / 2)  −   (d / 2)    ∗  cos   (3α)    ∗  sin θ} .  

Section 4: Horizontal movement

   L4  Bottom−Top   =  L  0   ±   (d / 2)    ∗  sin θ ±  { (d / 2)  −   (d / 2)    ∗  cos   (3α)    ∗  sin φ} .  

   L4  Left−Right   =  L  0   ±   (d / 2)    ∗  sin  φ   ∗  cos  (3α) .  

3. MATLAB program

These formulas of length calculations are programmed in MATLAB with the 
control algorithm that was used for continuum robot and real-time simulation. It 
means for any movement of robot, the length of all 16 wires has been calculated. 
Some results of this program are as follows:

In Figure 6, the robot moves in only one plane: yz–plane. So, from the matrix 
indicating wire length, it can be observed that left–right wires of section 1 are not 

Figure 6. 
Continuum robot in single plane and respective wire lengths.
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changing while in another section, the left–right wire lengths are changing with 
top-bottom wires. In Figures 7 and 8, two random positions of the robot are shown 
and wires length to obtain that position are shown.

4. Conclusion

In this paper, the inverse kinematics solution of piecewise continuum hyper-
redundant robot using vector-space representation is discussed. A continuum 
robot is considered for calculation as having 4 sections, each consisting of 10 
links. Considering the constant curvature assumption, the control algorithm to 
calculate the wire lengths of 16 wires controlling up, down, left and right move-
ment of each sections is discussed. The algorithm is prepared in such a way that 
to enter any confined space just the position of first link needs to be controlled 
and all other links will follow it. A camera can be mounted on the first link to 
monitor the movement of the robot and to observe the space where robot is 
entering. Geometric relationships between each link is considered for calculation 
and hence the position and orientation of each link is dependent on the position 
of the previous link. The algorithm is prepared in MATLAB and the simulation of 
movement of the robot along with the calculation of matrix of wire lengths is also 
presented.

Figure 7. 
Random movement-1 with wire lengths.

Figure 8. 
Random movement-2 with wire lengths.
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Chapter

Metrological Measurements of 
Water Lubricated Hydrodynamic 
Bearings
Ketan Tamboli

Abstract

For a hydrodynamic journal bearing, it is essential to ensure that the proper 
dimensional accuracy is maintained during manufacture and also during opera-
tion so as to ensure the best performance. In the present work, an application of 
nuclear reactor feed pump bearing is considered which uses water as a lubricant. 
Four design procedures are applied to three bearings with different L/D ratio. The 
bearings and journals are manufactured and checked for the dimensional attributes. 
The purpose of assessing the geometry is to ensure the hydrodynamic lubrication 
during its operation. The dimensional checks carried out are: (1) external diameter 
of journal, (2) internal diameter of bearing, (3) surface roughness measurements, 
(4) roundness for both journal and bearing. A sample observation for diameters 
using the optical tool microscope with an accuracy of 1.0 μm for end plane and 
mid plane is presented. The surface roughness at different locations is measured 
using TALYSURF with an accuracy of 0.1 μm. The roundness is measured using 
TALYROND with an accuracy of up to 0.1 μm and is inspected for ovality. A dial 
comparator with an accuracy up to 1.0 μm is used at different planes axially and 
circumferentially. The comparison is made with the design specification and actual 
available dimensions.

Keywords: hydrodynamic bearing, water lubrication, metrology, measurement, 
dimensions

1. Introduction

In most applications such as pumps, turbines, machine tools and engines, 
the journal bearings use oil as a lubricant. However, if in applications where the 
water is a process fluid and if oil lubricated plain bearings are used, then the size 
of the machine increases due to usage of seals etc. If water i.e. the process fluid 
itself can be used as the lubricant then the size reduces to a great extent as seals 
etc. are not required. The advanced boiler reactor is an example of such an appli-
cation. The feed pumps used here house the bearings which can be water lubri-
cated as the process fluid is water only. The material of the bearing and journal 
need to be changed and the clearances in such applications are to be maintained 
accurately.

The materials of the journal and the bearing are required to be changed as 
corrosion needs to be avoided. Wang et al. [1] and Zhongqian et al. [2] discussed 
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the materials to be used and the effect of friction and wear characteristics on 
the polymer materials. Various researchers [3–8] have experimented with water 
lubricated bearings used in different applications. The effect of misalignment and 
other geometrical parameters are studied by Sharma et al. [9] and Elsharkawy 
[10]. It was emphasized that the performance of the bearing  suffers if the 
dimensions are not maintained in the journal and bearing. Also, the effect of 
misalignment is discussed resulting in unexpected variation of various variables. 
The dimensional accuracy of the bearing asks for structured measurements with 
highly accurate instruments. In this paper, a water lubricated journal bearing of 
different sizes is considered for the nuclear reactor application. These bearings 
and journals are designed using (1) ESDU [11], (2) Reason and Narang [12], 
(3) Cameron [13] and (4) Raimondi and Boyd [14] methods. The methods are 
applied to three bearings with different L/D ratios. Based on the outcome of 
designs, the bearings are manufactured and checked for the dimensional attri-
butes. The radial clearance is a critical parameter which directly has an effect of 
load carrying capacity. As the clearance increases, the capacity decreases. The 
clearance depends on the outer diameter of the journal and inner diameter of the 
bearing.

2. Measurement of bearings and journals

In the following sub sections, the methodology of measurements and use of 
instruments are shown. The bearings (Figure A1) and journals are manufactured as 
per design outputs and are measured for dimensional precision.

2.1 Measurement of bearing sizes

Three parameters: (1) internal diameter, (2) surface roughness and (3) round-
ness of internal surface were measured critically. As Figure A2 shows, the internal 
diameter was measured taking six observations each at 30° intervals circumferen-
tially and axially at three planes (two end planes and one central plane) giving a 
total of 18 readings for each bearing. The internal diameters at the end planes were 
measured using an optical tool makers microscope with an accuracy of 1.0 μm. 
While the central plane internal diameter, being not possible to measure with an 
optical tool makers microscope, an optical comparator with a 1.0 μm accuracy was 
used. The sample readings are shown in Table 1 for bearing 3. Table 2 shows the 
summary of all the three bearing diameters measured.

Sr. no. (angular position) Plane 1 (end plane)
Φ, mm

Plane 2 (central plane)
Φ, mm

Plane 3 (end plane)
Φ, mm

1 61.034 61.032 61.056

2 61.038 61.029 61.062

3 61.012 61.021 61.016

4 61.016 61.019 61.072

5 61.048 61.028 61.034

6 61.028 61.029 61.048

Table 1. 
Sample observations for internal diameter for bearing 3.
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2.2 Measurement of surface roughness and roundness

For the measurement of the surface roughness (as shown in Figures A3 and A5) 
at different locations, TALYSURF with an accuracy up to 0.1 μm was used at two 
locations axially and three locations circumferentially. The axial travel was 6.4 mm 
of the stylus and vertical magnification for the plot (graph) was selected as 1000 
and horizontal magnification as 50. The maximum surface roughness found for 
bearing 1, 2 and 3 were 0.89, 1.58, and 1.63 μm respectively.

For checking the roundness, TALYROND, with an accuracy up to 0.1 μm was 
used. Figure A3 shows the locations for checking roundness of internal diameter 
surface. The ovality measured for bearings 1, 2 and 3 are 5, 10 and 5 μm respectively 
(Table 2).

2.3 Measurement of journal sizes

The measurement procedure for measuring the outer diameter is slightly 
different from the earlier one followed for bearings, though, the locations where 
measurements are made as shown in Figure A5 are similar for the bearing. For 
the measurement of the outer diameter, a dial comparator with an accuracy up to 
1.0 μm was used. Similar to the bearing locations, the observations were taken in 
axial directions at three different planes (two end planes and one central i.e. mid 
plane). Circumferentially, six readings each at 30° intervals were taken. This means, 
there were 18 readings for the diameter for each journal (Figure A4).

The surface roughness and ovality measurements (Figure A6) were carried 
out using a similar procedure and instruments as in the case of bearings dis-
cussed earlier. Table 3 summarizes the extracted results from the measurement 
of journals. Table 4 compares the specified (by design) clearances versus actual 
obtained clearances.

Average dia. (mm) Maximum dia. (mm) Minimum dia. (mm)

Bearing 1 65.047 65.060 65.016

Bearing 2 61.067 61.076 61.014

Bearing 3 61.035 61.072 61.012

Table 2. 
Summary of bearing diameters measurements.

Journal Outer diameter, mm Surface 
roughness, Ramax

Ovality, 
microns

Avg. Max. Min.

Journal 1 (L/D = 1.0) 64.992 65.006 64.988 0.87 5

Journal 2 (L/D = 0.77) 61.017 61.036 60.996 0.57 5

Journal 3 (L/D = 1.0) 
(stainless steel)

60.802 60.850 60.750 1.07 100 (too 
large)

Journal 4 (L/D = 1.0) 
(PTFE)

60.692 61.040 59.001 2.66 10

Table 3. 
Results from measurement of journal.
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3. Conclusions from measurement

From the measurements of the bearings and journals, the following conclusions 
are drawn.

1. From the measurement of the external diameter of journals and the internal 
diameter of bearings, considering the average diameter (out of all 18 observa-
tions as shown in Table 3) the clearances are obtained accordingly.

2. The surface roughness values, as can be seen from Table 3, are satisfactorily 
achieved for journals 1, 2 and 3. Journal 4, the material being PTFE, has the 
limitation for grinding and so the desired surface roughness could not be 
achieved. However, with best possible combination of feed and depth of cut, a 
considerably good finish is achieved.

3. The ovality checks show that the ovality for journal 3 of stainless steel is large, 
possibly, due to certain error in fixing it on the lathe.

4. Discussion

The journal and bearing combinations resulting into high clearances are 
not recommended as the load carrying capacity will be greatly reduced. Also, 
the ovality needs to be within range as it also has a direct impact (an increase 
in ovality leads to a decrease in performance). The measurements of OD, ID, 
surface roughness and ovality prove that the specified dimensions of the design 
are mostly maintained during manufacturing except in one or two cases. 
However, the user or application engineer needs to ensure that these geometric 
parameters are maintained during running condition of the bearing, which is a 
challenging task.
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Bearing/journal Average 
diameter, mm

Average radial 
clearance obtained

Radial clearance 
specified

Bearing 1 (L/D = 0.5)/journal 1 65.047
64.992

27.5 32.5

Bearing 2 (L/D = 0.77)/journal 2 61.067
61.017

25.0 38.3

Bearing 3 (L/D = 1.0)/journal 3 (S.S.) 61.035
60.802

116.5 (too large) 30.62

Bearing 4 (L/D = 1.0)/journal 4 
(PTFE)

61.035
60.970

32.5 30.62

Table 4. 
Clearances from measurements.
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A. Appendix

Figure A1. 
Two views of bearing with rivets. The rivets are to be used for temperature measurements.

Figure A2. 
Three planes 1, 2, 3 and radially 30° intervals for ID measurements of bearing (total 18 readings).

Figure A3. 
Three radial locations each at 120° in one plane and to be measured in three planes for bearing (total 9 
readings).
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Figure A4. 
Three planes 1, 2, 3 and radially 30° intervals for OD measurements of journal (total 18 readings).

Figure A5. 
Three radial locations each at 120° in one plane and to be measured in three planes for journal (total 9 
readings).

Figure A6. 
Sample observation for linear surface roughness measurement and ovality measurement.
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Chapter

Identification of Wear Condition 
in IC Engine by Wear Debris 
Monitoring
Mohit Kumar, R.B. Sharma, Kuldeep Chaudhary and 
Ranjeet Singh

Abstract

The objective of the present work is to develop a simple technique to predict 
and quantify the presence of wear condition in an IC engine based on wear debris 
monitoring. Wear debris are formed in the engine oil mostly due to friction between 
two parts of engine and/or extraction of material from the various parts of the 
engine. A test rig has been developed based on the Ferrography principle to perform 
the experimental investigation for engine oil analysis. A series of engine oil samples 
from an IC engine during different time intervals were considered and the wear 
debris analysis was performed based on total particle concentration of different 
material (ferrous material and non-ferrous material), size of wear debris and visual 
inspection of particles. The results demonstrate that the concentration, size and 
visual inspection of ferrous and non-ferrous debris, which was present in the oil 
correlated well with the severity of the condition of the IC engine. This is also useful 
to diagnosis the fault present in the engine.

Keywords: wear monitoring, IC engine, engine oil, ferrography, wear debris analysis

1. Introduction

IC engines are mostly used in the automotive sector due to their better fuel 
economy and low maintenance. Condition monitoring of the IC engine or its 
various components is very important for its appropriate functioning. The various 
studies that are available in the literature for condition monitoring of the machine 
components use different techniques such as vibration analysis, acoustic emission, 
wear debris analysis, and thermography. Some studies are also available regarding 
the modeling of acoustic emission, which are significant to comprehend the con-
crete mechanism of the generation of acoustic emission during the operating condi-
tion of the gear pair as well as rolling element bearing [1–3]. IC engines suffer from 
several problems such as wear debris, high levels of exhaust NOx, particulate matter 
and black smoke [4]. These problems are generated due to improper combustion, 
oil burning and friction between two parts of engine. The lubrication system used 
in IC engines is splash lubrication system, which is used to lubricate all parts of the 
engine. In the lubrication system, the oil flows through the splash system in which 
the crankshaft rotates which in turn splashes the oil on the various parts of the 
engine. The oil first lubricates the crankshaft then goes into the main gallery and 
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proceeds by connecting rod to piston and then cylinder. The oil then lubricates the 
camshaft proceed by rocker arm and then the valves. After lubricating the parts of 
engine, the oil flows back to the sump through the oil gallery [5]. The oil lubricating 
the engine parts carries the wear debris back into the sump.

The wear debris analysis technique is extensively used in monitoring the condi-
tion of an IC engine, machine and gearbox. Many researchers use oil-monitoring 
techniques for condition monitoring such as the ferrography technique [6], grey 
system theory [7, 8], FTIR [9], rotary particle depositor (RPD), particle quantifier 
(PQ ) and spectrometric oil analysis. Ferrography is used to quantify the amount 
of wear particles within a given oil sample and to conduct microscopic analysis of 
that debris in order to identify its size and shape [10]. Spectrometric oil analysis 
can determine the residual life of IC engines and gearboxes by performing tests 
on the engine oil at regular intervals. The tests performed on the engine oil reveal 
the chemical composition of any metal particles suspended in the oil samples, any 
pre-time wear of engine parts can be identified and preventive maintenance can be 
done [11]. The relationship between oil monitoring information and the residual 
life is established, which states that the predicted residual life may be proportional 
to the wear increment measured by the oil analysis. In spectrometric analysis, the 
metal concentration found includes many variables such as Fe, Cu and Al etcetera 
[12]. Color plays an important role in wear debris analysis [13, 14]. Wear can also be 
identified using their color features.

2. Experimental investigation

2.1 Experimental setup

Engine oil tests were carried out using a simple experimental setup, which is 
shown in Figure 1. The experimental setup consists of three chambers: the first 
chamber is called the magnetic chamber with turbine, second chamber is called 
non-magnetic chamber with turbine and last chamber is the sump chamber. The 
magnetic chamber consists of a circular magnet which collects the ferrous particles 
from the oil and after that oil is fed into the non-magnetic chamber, which collects 
and separates the non-ferrous particles from oil. Then the oil is passed into the 

Figure 1. 
Experimental set up for engine oil analysis.
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sump chamber which collects the filtered lubrication oil. The 12-volt DC motor 
present at the top of the experimental setup rotates at 200–220 rpm. The 12-volt 
battery supplies the DC current to the motor, which in turn rotates.

2.2 Experimental procedure

A test rig has been developed based on the ferrography principle to perform the 
experimental investigation for engine oil analysis as shown in Figure 1. A series 
of engine oil samples from an IC engine at different time intervals of service were 
collected and the wear debris analysis was performed based on data obtained from 
the analysis of wear particles.

The engine used for the experimental investigation was a 10 HP SI engine devel-
oped by Briggs & Stratton Co. Ltd. as shown in Figure 2. This engine is generally 
used in SAE BAJA events organized by SAE INDIA. The specifications of this engine 
are detailed in Table 1.

Figure 2. 
10 HP SI engine.

Specification Value Specification Value Specification Value

Type 4-Stroke Length (in) 12.3 Fuel tank capacity 
(gallons)

0.8

Torque 14.50 Width (in) 17.0 Lubrication 
system

Splash 
lubrication

Engine 
displacement 
(cc)

306 Height (in) 16.4 Oil capacity (oz) 20

No. of 
cylinders

Single Weight (lbs) 58.2 Oil filter N/A

Engine 
configuration

Horizontal 
shaft

Bore (in) 2.28 Starter Manual choke

Engine fuel Gasoline Stroke (in) 2.04 Air filter Dual element

Table 1. 
Engine specifications.
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SAE grade 5 W-30 Phosphorous, wt% 0.08

Viscosity @ 100°C, cSt 11.0 Viscosity, mPa.s @ 150°C 3.1

Viscosity, @ 40°C, cSt 61.7 Pour point, °C −42

Density @15.6°C, kg/l 0.855 Flash point, °C 230

Viscosity index 172 Temperature range −20 to 120° F

Sulfated ash, wt% 0.8 — —

Table 2. 
Properties of engine oil.

The lubrication oil SAE 5W-30 has been used in the engine. The lubrication 
properties of engine oil at the time of beginning of experiments are detailed in 
Table 2.

To find out the wear condition of the engine, 4 engine oil samples were collected 
from the 10 HP Petrol engine at different intervals. The load condition and speed 
condition are 12.0 Nm and 4200 rpm respectively. The engine was mounted on 
the BAJA vehicle. The total weight of wear debris extracted from each oil sample is 
given in Table 3.

3. Results and discussion

The engine oil is the most effective tool for condition and health monitoring of 
an IC engine. The lubrication oil carries detailed information about the condition 
of the engine. In the present investigation, two types of metals were found in the 
engine oil, ferrous and non-ferrous. The ferrous and non-ferrous particles are iden-
tified separately with the developed experimental setup. The deposition of ferrous 
and non-ferrous particles in the different.

chambers of the experimental set-up are shown in Figure 3(a) and (b) 
respectively.

The experimental results i.e. weight of wear debris from different test or oil 
samples are mentioned in Table 3. A graph between weight of wear debris and time 
is presented in Figure 4 by using experimental results which shows the wear rate of 
engine. The experimental results demonstrate that the wear of engine parts is high 
at the starting phase of the engine. As the engine continues to run during different 
time intervals in same running conditions, the wear of engine parts decreases and 
then remains almost constant as shown in Figure 4.

It is found that the engine parts such as the cylinder liners, camshaft, crank-
shaft, valve seat and rocker arms are made from ferrous material and the piston, 
piston head and cylinder head are made from non-ferrous material, tend to deterio-
rate and are shown in Table 4.

Test sample Operating time (hours) Weight of debris (mg) Running conditions

1 26 22 On-road

2 50 15 On-road

3 80 14 On-road

4 105 15 On-road

Table 3. 
Weight of wear debris collected from oil samples at different time intervals.
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4. Conclusion

Condition monitoring of the IC engine is very significant to avoid catastrophic 
failures. Various techniques are available in the literature for this monitoring. This 
study presents an experimental investigation to identify the wear condition of an SI 
engine by wear debris monitoring. Experimental results demonstrate that the wear 
rate of the engine decreases as life of engine increases and after some time interval, 
it remains almost constant. The condition of the deteriorated parts of the engine are 
also identified.

Figure 3. 
Experimental setup for oil analysis: (a) magnetic chamber (ferrous particles) and (b) non-magnetic chamber 
(non-ferrous particles).

Figure 4. 
Wear rate of engine.

S. No. Particle status Metal Sources/deteriorated parts

1 Ferrous Iron Camshaft, crankshaft, valve seat, rocker 
arms

2 Non-ferrous Al alloy Piston, piston head, cylinder head

Table 4. 
Various deteriorated parts of engine.
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