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Abstract

Machining is a widely used manufacturing process. This work explores the simultaneous
machining by two single point cutting tools to enhance the productivity of the turning process. In
order to perform a double tool turning process a conventional lathe was modified. A tool holding
fixture was developed and mounted at the rear side of the lathe carriage. In double tool turning
process the various process parameters are cutting speed, feed, depth of cut and distance between
the two cutting tools. Experimental investigation was carried out to determine the influence of
cutting parameters on cutting forces, cutting temperature, cutting tool vibration, diametral error,

tool wear and surface roughness. The chip morphology was also studied.

In the present work, it was observed experimentally that the rear cutting tool experienced lesser
cutting force than front cutting tool at certain cutting condition, while turning grey cast iron. This
is attributed to the reduction in coefficient of friction of the rear cutting tool, caused by the
cleansing effect of the front cutting tool. At other cutting conditions, there is no significant
difference in cutting forces between the front and rear cutting tool. It was found that the
temperature rise in the workpiece caused due to the front and rear cutting tool remained
uninfluenced by the distances between the cutting tools. An analytical model was developed for
single tool turning process based on ductile fracture mechanics approach and experiments were
also performed on mild steel work material. The analytically predicted cutting force and cutting
temperature was correlated with the experimental results. For the selected cutting conditions it
was observed that with the increase in cutting speed the cutting tool vibration of both the tools
reduced. The rear cutting tool vibration was lesser than the front cutting tool. One obvious reason
is that the rear cutting tool is mounted over the fixture made of cast iron while the front cutting

tool fixture is made of steel.

In double tool turning process the deflection of the workpiece due to front cutting tool is resisted
by the rear cutting tool, as the cutting forces of the tools acts opposite to each other. Moreover
the rear cutting tool acts as a follower rest apart from removing material from the workpiece. It
was realized that the diametral error got reduced by 80% while turning grey cast iron at a cutting
speed of 116 m/min, 0.24 mm/rev feed, 1 mm depth of cut and 10 mm distance between the
cutting tools. The diametral error was found to be higher at the tailstock end due its lesser

rigidity and lesser at the headstock end due to its higher rigidity. In comparison with single tool
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turning for depths of cut of 1.5 mm and 2 mm, a significant reduction in diametral error was
observed for double tool turning process. At higher depths of cut, the resistance offered by the
rear cutting tool against the workpiece deflection was more than at lower depth of cut. The radial
deflection of the workpiece was calculated theoretically based on simple strength of materials
approach. The experimental results were in agreement with the theoretical results. The front
cutting tool machined the material as well as heated the workpiece slightly. The effective
coefficient of friction of the rear tool was lesser than the front cutting tool. However, the average
surface temperature of the workpiece near the rear cutting tool was higher than that near the front
cutting tool and this may be due to strain hardening. The rear cutting tool experienced lesser
wear compared to front cutting tool. The chips generated during double tool turning process were
examined using a scanning electron microscope. Morphology of the chip produced by the front
cutting tool exhibited cracks and streaks with fracture as the dominant failure. The rear cutting

tool generated chip with cracks, streaks and micro pores along with fracture.

In this thesis, experimental investigation was also conducted to determine the influence of
machining parameters on the average surface roughness of AISI 1050 steel and grey cast iron
work surfaces. It was observed that the average surface roughness decreases with the increase in
cutting speed. On increasing the feed for AISI 1050 steel, initially the average surface roughness
decreased up to 0.12 mm/rev feed and thereafter it increased. For grey cast iron the average
surface roughness increased with feed for all cutting conditions. A similar behaviour was
observed for depth of cut except for low feeds. The average surface roughness was not affected
by tool separation distance. An approximate cost analysis was carried out for single tool and
double tool turning process. Double tool turning process produced a good surface finish and less

diametral error. It was cost effective compared to conventional turning process.

Keywords: Cutting forces, cutting temperature, cutting speed, diametral error, tool wear, tool

vibration and surface roughness, turning, multi-tool machining
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Chapter 1

Introduction

Machining, metal forming, metal casting and metal joining are some of the important
manufacturing processes. Turning, milling, drilling and grinding are some of the
widely used conventional machining processes. Among these machining processes,
turning is the most popular and versatile machining process. A brief history of
machining process has been provided by Dixit et al. (2017). Turning process was
developed by Egyptians around 1500 BC. As per some records, the lathe was in use
around third century BC in Greek and Roman civilization. It was used to turn wood
and bone (Trent and Wright 2000). One Eleusinian inscription dated circa 360 BC
provides evidence for the use of lathe for turning of bronze. Turning is a material
removal process used to produce axisymmetric parts by feeding the cutting tool
against the rotating workpiece. Here the cutting tool material is harder than the
workpiece material. One way of increasing the productivity in a turning process is to

use more than one cutting tool.

<= Rear cutting tool

§

Tail stock dead center
Wortk piece
Front cutting tool

Figure 1.1. A schematic of double tool parallel turning process
1
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This thesis investigates experimentally the parallel turning process from the
view point of increasing the productivity. The parallel turning process is considered as
a form of multi-tool turning process. A three dimensional model of two-tool parallel
turning process is shown in Figure 1.1. The keywords of this thesis are parallel
turning process, cutting forces, cutting temperature, cutting tool vibration, tool wear,
surface roughness and dimensional deviation. These are briefly introduced from
Sections 1.1-1.6. The objective and organisation of the thesis is presented in the last
section of this chapter.

1.1 Parallel Turning Process

Parallel turning or multi-tool turning is normally attempted for heavy removal of
material, minimising the cost and maximizing the rate of material removal. Since
turning is a fundamental and an important machining operation, the present study
focuses on multi-tool turning operation, particularly on double tool parallel turning
process. Before the advent of computer numerical control (CNC) machines, multiple
tool lathes were employed in high volume material removal processes. Multiple tool
lathes are basically a single purpose high production machines intended for producing
stepped shafts, in batch and mass production shops. Multiple tool lathes are provided
with two or more carriages each carrying several single-point cutting tools operating
simultaneously. This enables the reduction of machining time because the carriages
operate simultaneously. The front carriage mounts the tools for turning the steps of
the shafts and travels with longitudinal feed along the lathe axis. The rear carriage has
only the cross feed and is used to cut grooves, face shoulders, turn chamfers and
produce contoured surfaces with form tools. Multiple tool lathes operate on a semi-
automatic cycle. The operator loads the workpiece on a work holding device such as
chuck, the required operation is performed by automatic mechanism operated by cams
or hydraulic means, and finally the finished component is unloaded. This feature
allows one operator to handle several machine tools at the same time. The
construction of multiple tool lathes is distinguished from the exceptionally high
rigidity of the components such as bed, carriages, headstock and tailstock. This is
necessitated by the large total chip cross section when the stock is removed
concurrently by several cutting tools. Multiple tool lathes are often equipped with
hydraulic tracer controlled slides for turning cylindrical and contoured surfaces of
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revolution. The arrangement of the units and the construction of such lathes are based
on reproducing the shape of a template or master. It is not very clear since when the
industries started using multi-tool simultaneous turning. In the milling arena, straddle
milling has been used since long time. In straddle milling, two identical cutters are
mounted in a horizontal milling machine arbor separated by a distance. These two
cutters simultaneously machine two parallel vertical surfaces and balance the thrust
forces of each other. Sometimes more than two cutters may be used. Similar types of
applications are found in grinding area, where two or more surfaces are ground

simultaneously.
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Figure 1.2. Different configurations of multi-tool machining process (a)
Simultaneous cylindrical turning and drilling, (b) Parallel turning of two features with
tools on the same side (c) Parallel turning of two features with two tools on opposite
side (d) Synchronous turning with tools on opposite sides

While using multiple cutting tools, simultaneous machining can be carried out
in a number of ways. Various possibilities are shown in Fig.1.2. The schematic of
cylindrical turning and drilling simultaneously is given in Fig. 1.2(a). The turning tool
is mounted on the carriage and drilling bit in the tailstock. Figure 1.2(b) shows a

cylindrical turning operation, where two features are being machined simultaneously
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with two tools kept on the same side. It is usual to have two tools moving with the
same feed, but it may be possible to have independent movement of these tools.
Figure 1.2(c) is showing a similar arrangement with the difference that the tools are
mounted on the opposite side of the cylindrical workpiece. This arrangement balances
the forces and provides more accuracy. In essence, one cutting tool acts as a follower
rest for the other cutting tool. However, the tool paths are asynchronous. A
synchronous machining with two tools is shown in Fig. 1.2(d). Here, both the tools
are just opposite to each other.

The research work on multiple-tool simultaneous turning started in 1960s. It
can be divided into two broad categories: (1) Science of metal cutting and (2)
Optimization of the process. The work in the first category is very sparse and as the
case in general machining area, the literature lacks a concrete model of metal cutting.
In the area of optimization significant work has been done. The major performance
parameters are cutting forces, cutting temperature, tool vibration, tool wear, tool life,
surface finish and dimensional accuracy. Apart from these, cutting tool geometry, tool
and work material and cutting fluid also influence the performance of the turning
process. Among these, the important parameters such as cutting forces, cutting
temperature, cutting tool vibration, tool wear, surface roughness and dimensional

deviation are discussed as follows.

1.2 Cutting Forces

In conventional turning, three force components are involved. The vertical force is the
main cutting force (F;) which acts along the cutting direction. The feed force (F) acts
in the direction of feed and the radial force component (F,) acts in the radial direction
of the workpiece. The radial force component is also known as passive force. Cutting
forces are measured either by strain gauge type dynamometer or piezoelectric type
dynamometer. The piezoelectric type dynamometer is superior to strain gauge type
dynamometer because of higher sensitivity and stiffness. It also posses high
frequency bandwidth and is capable of measuring the dynamic forces accurately.
Higher frequency bandwidth dynamometers are preferred as it can capture larger
variation in force signals during the machining process. The cutting forces directly

depends on the machining process parameters such as cutting speed, feed and depth of
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cut apart from cutting tool geometry, work and tool material. They also influence the
cutting temperature, surface finish and dimensional deviation of the workpiece. In the
case of two tool parallel turning process both the front and rear tool experiences
cutting forces whose direction are opposite and the magnitude are different for the
same cutting condition. Unlike the conventional turning process, in multi-tool turning
process the distance between the cutting tools (tool separation) is an additional cutting

parameter apart from cutting speed, feed and depth of cut.
1.3 Cutting Temperature

In metal cutting operation the heat is generated in the cutting region. There are three
main zones in the cutting region. They are primary, secondary and tertiary shear
deformation zones. The heat generated in the primary shear deformation zone is due
to the plastic deformation of the work material. The friction between the rake face of
the tool and chip causes heat generation in the secondary shear deformation zone
whereas the friction between tool flank and the machined surface causes heat
generation in the tertiary shear deformation zone. The cutting temperature rises
because of the heat generation in the cutting zone. Higher cutting temperature
adversely affects the tool life. It decreases the wear resistance and hardness of the
cutting tool. It also increases the tool wear thereby reducing the tool life. Higher
cutting temperatures also cause poor surface finish and dimensional inaccuracy of the
machined surface. Therefore it becomes important to maintain lower cutting
temperature during the machining process. The cutting temperatures are measured by
thermocouples, radiation pyrometers, and thermal paints. Additionally
metallographic techniques and physical vapour deposition coatings are also employed.
Tool-work thermocouple measures the average temperature of the contact area
between the cutting tool and work material. On the other hand, the embedded
thermocouple measures the temperature of a particular point in the cutting zone. The
non-contact infrared thermographic technique uses radiation to measure the cutting
zone temperature. Infrared cameras are used for this purpose. The emissivity of the
work material should be known a priori. The advantages of infrared camera over
thermocouple are faster response time and no physical contact with the heat source.

One main disadvantage of this method is that it is limited to accessible surfaces only.
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1.4 Cutting Tool Vibration

Apart from the main cutting forces, the cutting tool vibration plays a major role in
achieving the required surface finish and dimensional tolerance in any machining
process. Excessive tool vibration leads to chatter and premature tool failure. The tool
life is also influenced by its vibration level. The state of the cutting tool can be
identified from the amplitude of the vibration signal. Accelerometers are used to
measure the vibration signals of cutting tool. The obtained time domain vibration
signals are converted into frequency domain signals by Fast Fourier Transform (FFT).
Tool condition monitoring systems employs high frequency (4000 to 8000 Hz)
vibration signals to evaluate the tool wear. The low frequency (0 to 4000 Hz)
vibrational signals are insensitive to tool wear and the natural frequency of the tool

holder falls in this range.

1.5 Tool Wear

Tool wear is defined as the loss of material from the cutting tool surface. The cutting
efficiency essentially depends on it. Crater wear and flank wear are the two main
classes of tool wear. The former occurs on the rake face while the latter occurs on the
flank face of the cutting tool. Tool wear is also caused due to micro-chipping,
oxidation and diffusion. At low cutting speed and feed abrasion wear is predominant
while at higher cutting temperatures oxidation and diffusion wear becomes
predominant. Direct and indirect methods are utilized to measure the tool wear.
Scanning electron microscope, optical microscope, confocal laser scanning
microscope and stylus profilers are used in direct methods. While cutting forces,
cutting temperature, tool vibration, acoustic emission and surface roughness are
measured to evaluate the tool wear in indirect methods. The tool life crucially relies
on tool wear. Tool life is the time period of machining during which the cutting tool
delivers a desired and satisfactory performance. Higher tool life leads to higher
productivity and decreased machining cost. The apparent manifestations of cutting
tool wear are higher surface roughness of the machined work surface, increased
magnitude of cutting forces due to loss of sharpness of the cutting edge and

dimensional inaccuracy of the machined workpiece.
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1.6 Surface Roughness and Dimensional Deviation

The surface roughness and dimensional deviation are important attributes of the
machined product quality. The most widely used measures of surface roughness are
the centreline average and root mean square values. The measure of evenness of a
surface is indicated by its surface roughness value which is usually mentioned in
micrometres. Lower surface roughness gives higher surface finish and vice versa. The
degree of variation between the actual measured dimension of the machined
workpiece and desired dimension is referred as dimensional deviation. It is a
machining error mainly affected by the cutting force. Unfortunately, the reliable
physical models to estimate surface roughness and dimensional deviation are not
available. Many researchers have used soft computing approaches comprising neural
network, fuzzy logic and genetic algorithms either individually or in combination to

predict surface roughness.

1.7 Objectives and Organisation of the Thesis

The primary objectives of the present thesis are to study the effect of process
parameters on the cutting performance in double tool parallel turning process. The
influence of the process parameters like cutting speed, feed, depth of cut and tool
separation distance over the cutting forces, temperature, cutting tool vibration, surface
roughness and dimensional deviation are studied experimentally. The thesis consists

of seven chapters that are organized as follows.

e The first chapter provides the introduction, objectives and organization of the

thesis.

e The second chapter presents the literature survey of multi-tool machining. The
review is based on the cutting forces involved in turning along with the
temperature generation, cutting tool vibration, tool wear, tool life, surface
roughness and dimensional deviation. Finally the challenging issues, scope

and detailed objectives of the present thesis are described.

e The third chapter elaborates the experimental details including the design and
fabrication issues pertaining to the rear tool fixture. Methodology of
7

TH-1624_10610326



TH-1624_10610326

measurement of cutting force, temperature, tool vibration, surface roughness

and dimensional deviation are also explained.

The fourth chapter deals with the influence of the process parameters on
cutting forces and temperature generated in double tool parallel turning.
Theoretical analysis is used to justify the experimental findings.

Chapter 5 discusses the effect of turning parameters on machining accuracy
and dimensional deviation in double tool turning process. Apart from this,

chip morphology and cutting tool wear is also studied.

The sixth chapter discusses the effect of double tool turning process variables
on surface roughness. A comparison is drawn between conventional turning

and double tool turning process in terms of achieved surface roughness.

The seventh chapter presents the conclusions and scope for future work.



Chapter 2

Review of Literature

2.1 Introduction

In present era of economic development there is a great need for producing high
quality machined components at reduced cost. This can be achieved by using
sophisticated machine tools and decreasing the machining time. Some of the methods
adopted to reduce the machining times are using higher operating conditions,
performing many operations simultaneously, employing jigs and fixtures and
employing computer numerical control machine tools. Higher cutting conditions in
turning imply higher cutting speed, feed and depth of cut. Among the three
parameters, increasing the cutting speed has got many advantages compared to the
other two. This had led to the concept of high speed machining. Superior surface
finish, higher accuracy, increased productivity, reduced tool wear and higher tool life
are some of the advantages of high speed machining. Even though there are a lot of
advantages, still certain inherent drawbacks persists when machining at high speed.
Higher investment and maintenance cost, reduced tool life and higher tool wear rates
are some of its demerits. Ultimately this has led the researchers to explore some other
methods of improving the productivity. An alternate method of increasing the
productivity is by engaging more tools at the same time to machine a component. It
gives rise to multi-tool machining. Section 2.2 presents a review of available literature

on multi-tool machining.

In any machining operation measurement of cutting forces are of paramount
importance in order to estimate the power consumption and process efficiency. It is
equally important to monitor the cutting temperature as it plays a major role in
determining the tools wear and tool life. Section 2.3 presents literatures on cutting
forces, cutting temperatures and tool wear in machining. The usage of more than one
cutting tool leads to improved surface finish of the machined component. Therefore
surface roughness aspect is reviewed in Section 2.4. The cutting tools apart from

removing the work material also provide support to the workpiece in multi-tool
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turning. The cutting tool also performs the function of follower rest in case of multi-
tool turning process. Hence the diametral error is minimised while turning slender
jobs in lathe. From this point of view the review of literatures related to dimensional
deviation is presented in Section 2.5. The chips that are generated in machining reveal
the mechanism of metal cutting and in this aspect literature related to chip
morphology are reviewed in Section 2.6. Cutting tool vibration plays an important
role in determining the surface roughness and tool life. Excessive vibration leads to
chatter. Thus it is very important to maintain the vibration levels to minimum. The
research works on cutting tool vibration is given in Section 2.7. The research gaps are
given is Section 2.8. The detailed scope and objectives of the present work is

presented in Section 2.9.
2.2 Multi-tool Machining

The research papers on the multi-tool machining are very less in comparison to
conventional turning process, even though it offers ample scope of increasing the
productivity. Researchers in the past had focussed mainly on the optimization of
process parameters in multi-tool machining. McCullough (1963) calculated the tool
life for the maximum production rate and tool life for the minimum cost for multi-tool
operations in which the total cycle time was controlled by the speed of the spindle.
Zompi et al. (1979) and Ravignani et al. (1979) presented the tool failure patterns in
multi-tool machining. Probability theories were used to assess the tool life. In the
second part of their work, the tool life distribution was considered by taking into
account the progressive wear and sudden tool fracture. Sheikh et al. (1980) proposed
various tool replacement strategies for multi-tool and single tool production machines.
They showed how the optimal cutting conditions are affected by the tool change
policies. The three approaches followed by them are preventive planned tool change
policy, scheduled tool change policy and failure replacement policy. The optimum
spindle speed was found using probabilistic models of tool life. Levin and Dutta
(1996) proposed a computer aided process planning system for parallel machining
process. Turning and milling operations were performed simultaneously. It improved
the accuracy with reduction in part cycle time. The authors also developed

architecture for parallel machines that can accommodate any number of machining
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unit. Sudhakara and Landers (2003) designed an output feedback controller for
parallel turning process taking the non-linearity of cutting forces into consideration.
The stability boundary was evaluated numerically by reversed trajectory method.
Tang et al. (2008) suggested a novel heuristic algorithm based on Particle Swarm
Optimization (PSO) to optimise the process parameters for two-tool parallel turning
operation. PSO provided the optimum solution in less computational time. EI-
Hossainy (2010) developed a turning tool having two cutting edges. It was proclaimed
that new tool reduced the surface roughness, straightness and roundness errors by 58,
65 and 50 percentage respectively, for a particular machining condition. Budak (2011)
studied the dynamics and stability of parallel turning process in time domain and
frequency domain. An improvement in process stability was obtained due to the
interaction between two cutting tools. An analytical model was constructed and the
experimental results were matched with the results of the analytical model. Ozturk et
al. (2016) predicted the stability limits in parallel turning process for two different
cases. It was concluded that most stable conditions are obtained when the natural
frequency of the two cutting tools are slightly different from each other. On the other
hand, poor stability occurs when the two cutting tools have exactly the same natural
frequency. Recently Yadav (2017) developed a mathematical model and optimised
the cutting parameters in duplex turning process using a combined Taguchi-Response
Surface Methodology hybrid approach. It was reported that the surface finish

improved significantly in hybrid approach compared to Taguchi method.

From the available literature, it is seen that very little work has been done on
the aspect of cutting forces, cutting tool vibration, surface roughness, dimensional
error and cutting temperatures generated in the individual tools during simultaneous
engagement during multi-tool machining/turning process. In multi-tool turning the
depth of cut is shared among the number of tools. This reduces the cutting forces
acting on individual tool. Hence it improves the machining accuracy and reduces the
surface roughness. The next section deals with the cutting force, cutting temperature
and tool wear aspects in machining, for single tool turning process. The literature
survey on single tool turning process helps in setting the research direction for multi-

tool turning process.
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2.3 Cutting Force, Temperature and Tool Wear in
Machining

With the development of new machine tools capable of higher material removal rate
(MRR), the significance of machining at high cutting speed has increased
tremendously at present. Nowadays machining is carried out in the range of 3 to 5
times higher than the conventional machining speeds. It leads to reduced processing
times, improved workpiece accuracy and surface integrity. Certainly there are some
limitations too. The main performance parameters in a machining process are cutting
forces, cutting temperature and tool wear. These factors determine the production

costs, process efficiency and tool life.

2.3.1 Cutting Force

Cost effective application of machining technology requires a basic understanding of
the relationship between process variables and cutting conditions. The studies on
cutting forces generated during the machining process are of great significance,
especially with respect to change in cutting speed, feed and depth of cut. Excessive
amount of cutting forces can cause high frequency vibration of large magnitudes
which in turn affects the tool life and workpiece surface finish. It also results in tool
breakage and premature tool failure. Several research works on cutting forces
generated during machining especially at higher cutting speeds were performed by

various researchers in the past.

Recht (1985) analysed the machining of 4340 steel using a tungsten carbide
tool coated with titanium carbide. It was shown that the Merchant’s classical
equation based on minimum work approach as applied to machining at low speed is
also applicable to machining at high speed. It was observed that with increase in
speed from 242 m/min to 2121 m/min the friction coefficient () decreases from 0.6
to 0.26. This is because of high heat generation which causes the asperities in the chip
to melt. Apart from this, high temperatures are generated, which leads to rapid tool
wear creating a crater which modifies the flank wear directly. Sutter et al. (1998)
conducted metal cutting experiments to determine the cutting forces. It was observed
that the cutting forces decreased with the increase in cutting speed. The reduction in
friction coefficient is the main cause for reduced cutting forces. The experiments were
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conducted at both low and high cutting speeds. Ren and Altintas (2000) determined
the cutting forces and cutting temperature in the deformation zone. A mold steel and
carbide tool was used as work material and cutting tool respectively. It was found that
the optimal chamfer angle was -15° when dry cutting P20 mold steel with carbide tool
at a cutting speed of 240 m/min. Kang et al. (2001) studied the use of multi-sensors in
machinability evaluation and condition monitoring while machining hardened
material. Dynamometer, accelerometer and gap sensors were used. It was concluded
that all these sensors are sensitive to tool load, cutting conditions, spindle vibration
and tool deflections. Sutter and Molinari (2005) measured thrust force component
along with longitudinal force component. The work and tool materials were 42CrMo4
medium carbon steel and carbide tool. The real coefficient of friction was determined
by considering the forces near the cutting edges. It was noted that a minimum tool-
chip friction coefficient has been found for the lowest depth of cut. Existence of a
critical speed (15—25 m/s) for which the cutting forces for medium carbon steels are
minimum was also confirmed. Yigit et al. (2008) investigated experimentally the
machining of nodular cast iron with a coated carbide tool at various cutting speeds.
The cutting forces decreased on increasing the cutting speed. The cause for a drop in

cutting force was attributed to the reduction in the yield strength of the work material.

In majority of the cases, it can be seen from that the cutting forces are
increased proportionately while increasing the cutting speeds in machining. Higher
cutting forces in turn lead to higher cutting temperatures and more amount of heat
generation. It also leads to premature tool failure and higher tool wear rate. In some
extreme cases it prompts tool breakage. Hence it is necessary to maintain low cutting
temperature during machining. The next section deals with cutting temperature and

heat generation in machining.

2.3.2. Cutting Temperature and Heat Generation

Large quantity of material removed in short time causes higher heat generation in the
cutting zone followed by a sharp rise in temperature. This heat which is concentrated
near the cutting edge of the tool affects the cutting tool performance while machining.
Dewes et al. (1999) mentioned two main theories regarding cutting temperatures

while machining at high speeds. The first one proposed by Salomon is that there was a
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peak cutting temperature at an intermediate cutting speed and the cutting temperature
reduces when the cutting speed is increased beyond that point. The second one
proposed by McGee suggested that the temperature increased with cutting speed up to
the melting point of the workpiece. While cutting iron and steel the heat generation
and cutting temperature are the controlling factors. Based on this, a review of

literature is presented which is as follows.

Dewes et al. (1999) measured the temperature during machining of hardened
mold/die steel by using both tool work thermocouple and Infrared camera. Interface
temperature measured using the thermocouple when machining with the workpiece at
0 °C was between 200—-300 °C. Cutting temperature increased with cutting speed and
it did not reduce at higher speeds. Infrared technique indicated lower temperature than
the thermocouple method with value ranges of 68—390 °C. A relatively low measured
cutting temperature makes tungsten carbide to be used successfully for the high speed
machining of hardened steels. Sutter et al. (2003) conducted experiments to measure
the temperature fields while machining at high cutting speed. The tool and work
material pair is coated carbide and alloy steel. Pyrometric technique (Infrared
camera) for temperature measurement was used. It was concluded from the
experiment that there exists a hot spot in the chip temperature distribution. This hot
spot is located near the tool-chip interface at a distance of 300—350 um from tool tip
and the temperature is 825 °C. The chip temperature increases with increase in cutting
speed and it is very dominant in the range of 20—30 m/s. The temperature stabilises
for cutting speeds greater than 40 m/s. With the increase in depth of cut the chip

temperature increases following the same trends like cutting speed.

In high speed external turning process, Muller et al. (2004) used a two colour
pyrometer to measure the temperature over the workpiece and chip. The work and
tool materials are AISI 1045, AA 7075, Ti-6Al-4V and SiC whisker reinforced mixed
ceramic oxide, uncoated cemented carbide inserts. Producing holes in the tool inserts
was a big hurdle in the experimental work. It was found that the cutting forces and
temperature increased asymptotically with the rise in cutting speed. The highest
temperature rise with cutting speed is found at conventional speeds for all materials.
Karpat and Ozel (2008) presented analytical and experimental validation of a thermal

model when machining at higher cutting speed with chamfered tools. The effect of
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cutting conditions, heat generation and resultant temperature distribution at the tool
and in workpiece was investigated. The tool and work material pair is CBN and AlSI
4340 steel. It has been observed that the temperatures increased with increasing uncut
chip thickness. This also resulted in the decrease in friction factor.

There are many detrimental effects of high cutting temperatures produced
during machining. This further gets aggravated on increasing the cutting parameters
such as cutting speed, feed and depth of cut. One of the major factors influencing

productivity is tool wear and tool life. It is dealt in the following section.
2.2.3 Tool Wear and Tool Life
In machining the tool wear and tool life depends mainly on the following factors:

e The material of the machined component
e Cutting tool material and its shape
e Cutting conditions

e The machining process

Two main types of wear are abrasion wear and adhesive wear. When cutting at
conventional speeds abrasion wear dominates. When the cutting speed is increased,
tool wear happens mainly by diffusion process and hence adhesive wear dominates.
Krammer (1987) developed specific strategies for developing new tooling systems for
machining at high cutting speed. At these speeds crater wear predominates with the
crater deepening until edge failure occurs. It was reported that the wear rate decreases
with increasing cutting speed. Gatto and Luliano (1994) analysed the tool wear while
machining of nickel alloy with silicon carbide whisker reinforced alumina cutting
tool. It was seen that chipping of tool became dominant which destroyed the cutting
edge. Higher plastic deformation increases the temperature that favours work material
adhesion over the tool and whisker pull out. Chip hardening and transverse material
flow inside the chip produces segmentation increasing the abrasive characteristics of
the chip there by enhancing the notch formation. Abukhshim et al. (2004) conducted
an experimental investigation of the tool-chip contact length and wear in high speed
turning of EN 19 steel with uncoated carbide tool. The cutting speeds ranging from
200 to 1200 m/min with feeds of 0.14 mm/rev and 0.2 mm/rev and a depth of cut of
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0.1 mm was employed. The tool-chip contact length is found to increase for cutting
speeds from 400 m/min to 1200 m/min. Sliding friction is common in conventional
machining; at high speed machining seizure takes place and sticking friction occurs.
Characteristic chip curl could account for a significant increase in the chip contact
width observed in the case of high cutting speed. All these are applicable for high
speed machining using uncoated carbide tools. For advanced PVD coated tools,

contact conditions, temperature fields and tool wear are left for future investigation.

Nouari and Molinari (2005) experimentally verified a diffusion wear model of
42CrMo4 steel with an uncoated cemented tungsten carbide with mean temperature at
interface and distributed temperature at interface. Crater wear was considered to be
dominant at high cutting speed and high feed. It was observed that the contact length
decreases and maximum temperature increases with increase in cutting speed.
Increasing the feed resulted in increase in the maximum cutting temperature and an
increase in contact length. There was a significant reduction in tool life at high cutting
speeds and high temperature is the main cause of reduction in tool life. Lin et al.
(2008) used a coated cutting tool to enhance the tool life while machining AISI 4340
steel. It was noted that at 260 m/min Alcrona performed 95 % better in tool wear than
TiAIN coated carbide tool under the same machining condition. It is also observed
that the use of coolant emulsion increases the tool life proportionally with respect to
the cutting speed and reduces the wear progression significantly. The wear behaviour
modelling of newly coated tool was left unexplored. Igbal et al. (2009) presented a
contact model of tool-chip interface while orthogonal turning of AISI 1045. A
decreasing trend was observed for contact length with increasing cutting speed for all
undeformed chip thickness values for AISI 1045 steel. List et al. (2009) made an
experimental investigation of tool wear in high speed machining by using a ballistic
setup. The tool and work material employed was uncoated carbide insert and low
carbon steel. The research findings show that the crater wear size increases with the

increase in cutting time duration.

From the literature survey it is observed that the cutting forces increases on
increasing the cutting speed. It is due to the inertia effects caused by the momentum
change of the workpiece when it passes through the primary shear deformation zone.
Moreover on increasing the cutting speed the frictional forces on the rake face of the
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tool varies thus causing shear localised chips. The fluctuating frictional force reduces
the tool life. Apart from this the tool-chip contact length increases. The sticking
friction conditions prevail at these interfaces increasing the tool wear rate. Higher
chip sliding velocity increases the heat generation and temperature. Most of the
machining operations are carried out with carbide tools which can withstand
temperatures up to 1100 °C beyond which the cutting tool loses its strength. These
temperatures are common while machining at higher cutting speed, thereby imposing
a restriction on the machining process. Diffusion wear predominates at high
temperatures there by causing crater wear in addition to flank wear. Multi-tool turning
process has a potential to overcome these limitations and it would be interesting to

explore it.
2.4 Surface Roughness

Surface roughness is an important factor that determines the quality of a machined
surface. It depends on many parameters such as cutting condition, machine tool
vibration, cutting tool and work holding devices. The cutting speed, feed and depth of
cut have a major influence on the surface roughness of the finished component. A lot
of research work has been directed towards improving the surface quality of the
machined component. Some relevant literatures are reported in the following

paragraph.

Sarma and Dixit (2009) conducted metal cutting experiments and compared
the surface roughness produced by dry and air cooled turning of grey cast iron. It was
noted that the air cooled turning process reduced the surface roughness and increased
the tool life. Nalbant et al. (2009) investigated experimentally the effects of different
types of inserts and cutting parameters on the surface roughness of steel. It was found
that coated carbide inserts provided surface finish superior to uncoated carbide inserts.
Correia and Davim (2011) performed experimental studies on AISI 1050 steel with
conventional and wiper cemented carbide inserts. It was manifested that the wiper
inserts surpassed the conventional inserts and produced superior surface finish even at
higher feed. Ramesh et al. (2012) determined experimentally the effect of cutting
parameters on surface roughness while turning titanium alloy. It was declared that the

feed was the most influential factor affecting the surface roughness. Gunay and Yucel
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(2013) estimated the average surface roughness of white cast iron while turning with
ceramic and cubic boron nitride tools. It was established that cutting speed and feed
significantly affected the surface finish of the machined surface. Apart from these
experimental studies, many researchers (Choudhury and El-Baradie, 1997; Risbood
et al., 2003; Jiao et al., 2004; Sahin and Motorcu, 2005; Reddy and Rao, 2006;
Jesuthanam et al., 2007; Lu, 2008) had predicted the surface roughness in turning.
Many soft computing techniques such as neural network, fuzzy logic, genetic
algorithms and hybrid network and response surface methodology were used for
predicting the surface roughness. Cakir et al. (2009) developed a regression model to
estimate the surface roughness by considering both the cutting parameter and coating

material of the cutting tool insert.

It can be perceived that significant amount of research work has been done on
modelling and predicting the surface roughness for various machining processes. One
of the methods of improving the surface quality of the turned component is to use
multiple tools. This can be realized by making use of more than one tool to machine
the workpiece simultaneously. The advantages gained in multi-tool machining process
are reduced surface roughness resulting in superior surface finish, shortened
machining time, higher productivity and minimal diametral error. In addition the tool
life increases due to decreased tool wear. The fatigue life of the component is also
increased due to superior surface finish. The overall quality of the machined
component is increased. Apart from this, the machining accuracy is also increased in
multi-tool machining. It is achieved by reduced dimensional error or dimensional

deviation. This aspect is dealt in the subsequent section.
2.5 Dimensional Deviation

In turning dimensional deviation refers to the deviation between the actual dimension
and the desired dimension of the workpiece. It is one of the important attributes of the
machined product. The cutting forces generated during turning causes the workpiece
to deflect which results in machining error. The machining error also depends on the
rigidity of the machine tool and its vibration level. Reduction of dimensional error
leads to improved machining accuracy. Kops et al. (1993) formulated an improved
analysis of estimating the workpiece accuracy based on the emerging diameter. It was
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stated that the effect of depth of cut is more dominant for slenderness ratio greater
than 6. Investigations revealed that for lower slenderness ratio the maximum
deflection occurs at tailstock and for higher slenderness ratio it is at 60% of workpiece
length from the headstock. Phan et al. (2002) developed a new model using FEM to
compute the workpiece deflection. All the three force components and three usual
methods of mounting the workpiece on a lathe are taken into account. Closed form

finite element solutions are derived, which is a function of the cutting tool position.

Mayer et al. (2000) proposed a geometric analysis of the elastic deflections of
the machine-workpiece-tool system due to the cutting force for predicting the
diameter error. It was mentioned that both radial and axial cutting force component
are significant. The tangential component of cutting force and the coupling between
this force and the actual depth of cut is insignificant. Carrino et al. (2002a) proposed a
new model to evaluate the machining accuracy and dimensional errors in bar turning.
The deflections due to tool, workpiece and work holder was taken into account. The
cutting forces were calculated based on unified generalized mechanics of cutting
approach. In the second part the same authors, Carrino et al. (2002b) validated the
proposed model through experimental tests. The workpiece clamped in a chuck,
supported between two centres and clamped in a chuck and supported by a centre in
the tailstock are the three conditions of workpiece fixturing that was considered in the
experiments. A good agreement between the numerical model and experimental

results was reported.

Polini and Prisco (2003) compared the bar diameter error calculated by
specific cutting resistance model, Kronenberg cutting force model and unified-
generalised mechanics of cutting force model. It was mentioned that the experimental
results matched with unified-generalised mechanics of cutting force model developed
by Armarego. Jianliang and Rondi (2006) developed a model to predict the diametral
error of slender bar. The model consists of geometric analysis of diametral error,
finite element model of workpiece deflection and statistical model of cutting forces. It
was concluded that the diametral error mainly depends on the location of the follower
rest, depth of cut and feed. Segonds et al. (2006) characterised the slender workpiece

flexure during numerical control (NC) turning of an aluminium alloy. It was
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mentioned that corrected path compensation program for workpiece flexure could

eliminate the need of tailstock centre.
2.6 Chip Morphology

In metal cutting chips are formed due to the deformation of the metal ahead of the
cutting tool. Chip formation is caused by the shearing process. Chip formation
depends upon the work material, viz., ductile or brittle material. It also depends on
cutting speed, feed, depth of cut, cutting tool geometry and lubricant used. The chips
are broadly classified into continuous chip, discontinuous chip, continuous with built
up edge and serrated chips. Continuous chips are produced while machining ductile
metals at high cutting speed and low feed. Discontinuous chips are produced while
machining hard and brittle materials like grey cast iron, brass and bronze. Here the
feed is higher and the machining is carried out in the absence of coolant with negative
rake cutting tool. When a ductile material is machined at low cutting speed and high
feed without coolant, continuous chips with built up edge are produced. Serrated chips
are formed due to fluctuating high and low shear strain produced while machining
titanium alloys, austenitic stainless steel and nickel based super alloys. The type of
chip generated during machining can give details about machining process efficiency,

tool wear and surface roughness of the machined workpiece.

Huang et al. (1996) applied the gradient theory of thermo-viscoplastic
instability in simple shear to analyse the chip formation during orthogonal machining.
Parameters related to strain hardening and thermal softening were investigated to find
the effect of cutting condition on shear localization and shear band formation. It was
observed that on increasing feed and decreasing the cutting speed the shear band
spacing increased. Katuku et al. (2009) studied the chip characteristics while dry
turning ASTM Grade 2 austempered ductile iron (ADI) with polycrystalline cubic
boron nitride (PCBN) cutting tools under finishing conditions were carried out. The
tool wear was related to the chip characteristics. It was noted that at cutting speeds
greater than 150 m/min abrasion wear and thermally activated wear were the main
wear mechanisms which was caused due to shear localization within the primary and
secondary shear zones of chip. It was also reported that cutting speeds between 150
and 500 m/min were optimum for the production of workpieces with acceptable

20

TH-1624_10610326



cutting tool life, flank wear rate and lower dynamic cutting forces. Mian et al. (2011)
studied the chip formation and associated mechanism in micro cutting of different
materials. The wavelet transformation technique was used to decompose acoustic
emission (AE) signals generated from orthogonal micro milling. Acoustic emission
emanates from rapid release of elastic strain energy within a material under stress
which radiates from the source to the surface of the work material. Chip morphology
was correlated to the computed energies of the decomposed frequency bands. The
utility and importance of AE signals in characterising chip formation in
micromachining was revealed. Shashikant et al. (2013) investigated the chip
segmentation, while machining titanium alloys at elevated temperature (100—-350 °C).
An optical and scanning electron microscope was employed to study the chips and
chip roots. It was found that shear band formation appears to be the dominating
mechanism of chip segmentation up to a preheating temperature of 260 °C. The
fracture along the shear plane increases at 350 °C. Preheating affects the shear band
thickness to a considerable amount and it reduces with the increase in temperature. It
also increases the spacing between the shear band thicknesses and reduces the cutting

force fluctuation.

It can be observed from these research works that chip features can reveal a lot
of information about the machining process. It is also noted that even though a lot of
investigation has been done in conventional turning, no work has been reported in
double tool turning from the view point of chip morphology. This creates an interest
for the author to explore this area.

2.7 Cutting Tool Vibration

Cutting tool vibration plays a major role in determining the surface roughness and
tool life. Many attempts have been made by the researchers to correlate tool wear with
vibration signal. Mehta et al. (1983) investigated experimentally the interaction
between the tool wear and the vibrations that occurred during the face milling process.
It was shown that an increase in vibration frequency leads to higher tool wear rate,
provided the vibration amplitudes are in excess of a certain critical values. Zeng and
Forssberg (1994) monitored the grinding parameters by measuring the vibration

signals. The time domain wave form was transformed to frequency domain power
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spectra. The variations in grinding parameters were related to the changes in the
source of vibration signals by principal component analysis. Salgado and Alonso
(2006) applied singular spectrum analysis (SSA) to analyse the vibration signals
acquired in a turning process to extract information that correlated with the state of
the tool. Neural network was used to predict the tool flank wear. In further extension
of work by Alonso and Salgado (2008) cluster analysis was used to group the
independent frequencies obtain by the decomposition of singular spectrum analysis.
Here feed forward back propagation neural network algorithm was used to predict the
flank wear. Similarly Risbood et al. (2003) predicted the surface finish and
dimensional deviation in a turning process by taking into account the acceleration of
radial vibration of tool holder. Abu-Mahfouz (2003) analysed the vibration signatures
for predicting the wear rate in drilling process. Fast Fourier Transform, power spectral
density and wavelet coefficient were estimated and fed as input to a soft computing
technique to estimate the flank wear of the drill. For the same process EI-Wardnay et
al. (1996) predicted the drill failure along with the drill wear by recording and
analysing the vibration signals. Cepstrum analysis was employed in predicting the
drill breakage because of higher accuracy compared with spectral analysis method.
On similar lines for an end milling process, Orhan et al. (2007) presented the
relationship between the cutting tool displacement amplitude, velocity and
acceleration with tool wear. It was concluded that the wear rate of the tool can be
effectively monitored by the vibration signals. It can be observed from the above
literatures that for various conventional machining processes such as turning,
grinding, milling and drilling the vibration signals was effectively used to monitor and
predict the tool wear as well as tool failure. However, in case of multi-tool turning no

work has been reported.
2.8 Research Gaps

Researchers have been fascinated by metal cutting due to its economic and technical
importance. Among all the machining process turning is a very widely used process.
Many efforts have been directed towards improving the productivity of the process. A

small increase in productivity can lead to large amount of cost savings. Multi-tool
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turning process has got many advantages apart from increasing the productivity.

Researchers need to pay attention to the following aspects of multi-tool turning:

e The machining performance dependents on several parameters. Among them
the cutting forces and temperatures generated during process are of prime
importance. In this aspect a lot of research work has been done on single tool
turning process. Double tool turning remains a less explored area.

e Use of two tools simultaneously improves the product quality in double tool
turning process. The diametral error and the tool wear in double tool turning is
another domain where there is hardly any documented research work. It offers
an ample scope to explore it.

e Surface roughness in double tool turning is an area that has received

inadequate attention inspite of its ability to produce good surface finish.
2.9 Scope and Objectives of the Present Work

Based on the literature survey and identified major challenges, it is decided to
investigate the following aspects of double tool turning process in this research work:

1. Experimental investigation on cutting forces and temperature during double

tool turning process:

The first objective of the present thesis is to study experimentally the effect of
cutting speed, feed, depth of cut and tool separation distance on the cutting forces
and cutting temperatures generated during the double tool turning process. A
theoretical model is developed for conventional turning, to determine the cutting
forces and cutting temperature. A comparison is drawn between the experimental
results and the theoretical results. The theoretical model can be used to augment
the experimental results. This reduces time and avoids the wastage of work

material.

2. Investigations on diametral error, tool wear and chip morphology during

double tool turning process:

Another major objective of the present thesis is to carry out experimental

investigation on diametral error, tool wear and chip morphology. When two tools
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are simultaneously engaged for turning, apart from material removal the tools may
provide support to each other. Thus the diametral error may reduce and lead to
increased machining accuracy. Since the depth of cut is distributed over two
cutting tools, the cutting force can reduce. This can decrease the tool wear and
increase the tool life. Apart from this, the chip morphologies of the chips

generated by front and rear cutting tool are also studied.

3. Experimental investigation on the effect of machining parameters on surface

roughness generated during double tool turning process:

The last objective of the research work deals with surface finish aspect. Usage of
multiple tools is expected to improve the surface finish. In the present research
work the effect of cutting speed, feed, depth of cut and tool separation distance on

surface roughness of grey cast iron and AISI 1050 steel is studied.

The flow chart showing the research plan is presented in Figure 2.1.
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Chapter 3

Details of Experiments

3.1 Introduction

In the present research work, double tool turning process is evaluated through
experiments. In order to perform double tool turning process, a conventional lathe was
modified (Yatin, 2013; Ramanuj, 2013). A tool holding fixture was fabricated and
attached to the rear side of the lathe carriage in addition to the front side cutting tool.
The main process parameters in double tool parallel turning are cutting speed, feed,
depth of cut and separation distance between the two cutting tools. Cutting forces,
cutting temperature, cutting tool vibration, diametral error, cutting tool wear and
surface roughness are measured during the experiments. In this chapter the
development of cutting tool fixture along with the experimental setup is described.
The procedure for the measurement of cutting forces, cutting temperature, cutting tool
vibration, diametral error of the workpiece, tool wear and surface roughness of the

workpiece are also explained.
3.2 Development of Cutting Tool Fixture

In order to hold the rear cutting tool a fixture is developed. The front and rear tool

holding assembly is shown in Figure 3.1.

| I_Plate Cross slide

Tool holder

Base plate

Dynamometer

Figure 3.1. Front and rear tool holding assembly
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Apart from the present Ph.D. work, 4 M.Tech. students have worked on this
setup (Yatin, 2013; Ramanuj, 2013; Vaibhav, 2014; Sandeep, 2015). The front cutting
tool is fixed to a tool holder. The tool holder is attached to a dynamometer. The
dynamometer is mounted over a mild steel fixture which was already available.
Considering the economy of resources and time, it was decided to use it. The rear tool
holding assembly consists of a base plate over which a cross-slide is attached. A
dynamometer is mounted over the cross-slide. A tool holder holding the rear cutting
tool is attached to the dynamometer. The rear cutting tool fixture is attached to the
conventional lathe carriage at the rear side. The front cutting tool has independent
feed and depth of cut. The rear cutting tool has the same feed as that of the front
cutting tool as they are mounted on the same carriage. The depth of cut of the rear
cutting tool can be varied by means of independent cross-slide. Hence the depth of cut
of the front and rear cutting tool can be individually controlled, enabling equal or
unequal depths of cut for front and rear cutting tools. The distance between the front
and rear cutting tool is known as tool separation distance and this can be varied by
moving the cross-slide of the front cutting tool. In this arrangement the front cutting
tool always precedes the rear cutting tool. The tool separation distance can also be
kept zero so that synchronous turning can be achieved. Thus by means of these tool

fixtures, double tool parallel turning operation was performed in a conventional lathe.
3.3 Experimental Setup

The photograph of the experimental setup is shown in Figure 3.2. The turning
experiments were carried out on a high speed precision lathe (Make: HMT, Model:
NH-26). It is a high precision, high rigidity and high speed lathe consisting of wide
bed and short spindle. A 3-phase 11 kW induction motor is used to drive the spindle
of the lathe. The lathe has 23 different speeds ranging between 40—2040 rpm and 27
different feeds ranging from 0.04—2.24 mm/rev. The workpiece is mounted between a
chuck and a revolving centre of the tailstock. The experimental setup is developed to
measure cutting forces, cutting temperature, cutting tool vibration and the diametral
error of the workpiece. In the present study, cylindrical bars of grey cast iron and
AISI 1050 steel are used as work materials. The workpieces are of round bar of

various diameters ranging from 50 to 75 mm with a length of 250 mm. The
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composition of work materials was determined by energy-dispersive X-ray
spectroscopy (EDS) using a scanning electron microscope (Make: LEO, Model:
1430vp) and is reported in Table 3.1. AISI 1050 is a standard grade carbon steel and
has numerous applications. It is used for axles, bolts, forged connecting rods,
crankshafts, gears and torsion bar. It is relatively easier to machine and produces
continuous chips under steady state machining condition. Grey cast iron is a widely
used cast material. It is used as a cylinder block in internal combustion engines, pump
housing, machine tool bed and casing of rotors. It has got good machinability and

produces discontinuous chips under steady state machining condition.

Figure 3.2. Experimental setup of double tool turning process

Table 3.1. Composition of the work material

. Weight percentage of elements
Work material c S S S vE Fo
Grey cast iron 3.65 14 0.12 0.35 0.56 Balance
AISI 1050 0.55 - 0.04 0.05 0.06 Balance

Selection of correct cutting tool for machining is of great importance. Recently
multi-layer coatings are used for machining steel and cast iron. They are mainly used
in high speed machining process. The cutting conditions are chosen based on the rear
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tool fixture rigidity. The upper limit of cutting speed was fixed as 250 m/min. The
depth of cut was limited to the maximum of 2 mm for each tool by considering the
cutting tool vibration and workpiece surface roughness. All the experiments were
carried out under dry conditions. For machining the work materials at these cutting
conditions TiN coated tungsten carbide was found suitable and hence it was used. The
cutting tool insert specification was WNMG 080408 KM 4235 and the corresponding
tool holder is DWLNR 2020 K08 (Make: Sandvik). The triangular shaped inserts are
rigidly mounted on the tool holder by mechanical clamping. The rigidity of the front
tool holder was higher than the rear tool holder. The cutting tool geometry as per ISO
3002/1-1982 is as per Table 3.2.

Table 3.2. Cutting tool signature

Inclination angle i i’
Normal rake angle y, 4°
Normal clearance angle a, 6°
Auxiliary normal clearance a,,- 2°
Auxiliary cutting edge angle «;, 5°
Principal cutting edge angle x; 95°
Tool nose radius r, 0.8 mm

3.4 Measurement of Cutting Forces and Cutting
Temperature

The cutting performance was mainly evaluated by measuring the cutting forces and
cutting temperatures. The Figure 3.3 shows the schematic diagram for simultaneous

measurement of cutting forces and cutting temperature.

IR Camera Rear Tool Dynamometer
Workpiece
Junction Box Front Tool Dynamometer

Single Channel Single Channel Four Channel
Charge Amplifier Charge Amplifier Charge Amplifier

Main Junction Box

{ Computer

Figure 3.3. Schematic diagram of measurement of cutting forces and temperature
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(b) (©)

Figure 3.4. Force measurement system (a) Four component dynamometer (b) Single
channel charge amplifier (c) Four channel charge amplifier

Figure 3.5. Infrared camera for temperature measurement
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A four component piezoelectric type dynamometer (Make: Kistler, Model:
9272) was used to measure the main cutting force (F,) and the feed force (F). It is
shown in Figure 3.4 (a). Two dynamometers were used to measure the cutting forces
of front and rear cutting tool simultaneously. The dynamometer has a threshold of
0.01 N along the feed force direction and 0.02 N along the main cutting force
direction. It has a linearity of £1% of the full scale output. The front cutting tool
dynamometer is connected to two single channel charge amplifiers (Make: Kistler,
Model: 5015) as shown in Figure 3.4 (b). The rear cutting tool dynamometer is
connected to integrated four channel charge amplifier (Make: Kistler, Model: 5070) as
shown in Figure 3.4 (c). The charge amplifier was calibrated and set to measure force
ranging from 0 to 1000 N along the feed direction and 0 to 2000 N along the cutting
direction. The sensitivity values are set as —3.626 pC/N for F, and —7.627 pC/N for
F, component. For all the experimental measurements (force, surface temperature and
surface roughness) at least three trials were conducted and the average value was used
for further analysis. In most of the cases, the repeatability error was less than 10%.
The main junction box receives the force signals from these charge amplifiers and
sends to the computer. DynoWare software was used for acquisition of force signals
and storing it. The cutting temperature plays a major role in machining. Tool work
thermocouple and Infrared cameras are widely used for measuring the cutting zone
temperature. The latter has more advantages than the former in terms of accuracy and
sensitivity. In the present work, an Infrared camera is used to determine the average
temperature of the cutting zone. Figure 3.5 shows the photograph of InfraTec
varioCAM hr head 400 IR uncooled camera with measuring range from —40 °C to
2000 °C and a sensitivity of 30 mK at 30 °C. With regard to calibration, the IR

camera was calibrated for ice point of 0 °C and steam point of 100 °C.

3.5 Measurement of Cutting Tool Vibration

The cutting tool vibration along the direction of main cutting force was measured. For
measuring vibration signals, accelerometers (Make: Bruel & Kjaer, Model: 4395)
were mounted on both the cutting tools. Figure 3.6 shows the arrangement of the

accelerometers used for measuring the vibration signals of front and rear cutting tools.
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The sensitivity of the accelerometer is 0.991 mV/g. It has a measuring range of £7500
m/s®. The measurement frequency ranges of the accelerometers are from 0.3 Hz to 18
kHz. The sampling rate was fixed as 16 kHz. A four channel charge amplifier (Make:
Bruel & Kjaer, Model: 2692-A-014), data acquisition system (Make: National
Instruments, Model: USB-6212) and NI LabVIEW 2009 software was used for

processing the acquired vibration signals. The data acquisition system has 16

- Accelerometer
” b [ —_—

: £
,,‘f{ - é

channels.

e Front cutting tool

Accelerometer

Figure 3.6. Arrangement of accelerometers

Rear cutting tool

The acceleration along the tangential direction to cutting was measured for
both the front and rear tool as it is a dominant signal compared to the feed and radial
direction. Output of the accelerometers was acquired in a PC through charge amplifier
and data acquisition system. The front and rear cutting tools that are mounted on the
tool holder had an overhang of 30 mm which in turn is attached with accelerometers.
The accelerometers were attached to the tool shank near the cutting edge. The time
domain and frequency domain plots of front cutting tool and rear cutting tool
vibration were obtained for various cutting conditions.

3.6 Measurement of Diametral Error of Workpiece and

Cutting Tool Wear
In turning process, the cutting forces acting on the workpiece cause deviation from the
desired diameter. This deviation is called diametral error; it is mainly influenced by
the radial component of the cutting force. The diametral error is measured by a dial
gauge (Make: Mitutoyo) having an accuracy of 1 um. The dial gauge is moved from
tailstock to chuck without removing the workpiece from the chuck. The workpiece is
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divided into 11 equal divisions for a length of 220 mm. For every division, the work
piece was rotated by 60° and the diametral deviation was measured on six equidistant
points on the circumference and average value was recorded. The machining

experiments were repeated three times and a good repeatability was observed.

Figure 3.9. Scanning electron microscope
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Figure 3.7 shows the diametral error measurement by a dial gauge when the
workpiece is held between the chuck and the revolving centre of the tailstock. The
tool life and tool wear are the most vital machining performance indicators. The
conventional tool wear parameters are flank wear land and crater wear depth. In this
research, the crater wear was negligible as coated tool was used. Hence the tool wear
was evaluated in terms of flank wear. The cutting tool insert’s flank was periodically
measured with the aid of tool maker’s microscope (Make: Mitutoyo, Model: TM-505)
to determine the flank wear. At the end of machining experiments, cutting tool inserts
and collected chips were observed under the scanning electron microscope (Make:
LEO, Model: 1430vp). Figure 3.8 and Figure 3.9 shows the photograph of tool

maker’s microscope and scanning electron microscope.

3.7 Surface Roughness Measurement

Surface roughness is an important factor that determines the quality of a machined
surface. It depends on many parameters such as cutting condition, machine tool
vibration, cutting tool and work holding devices. The cutting speed, feed and depth of
cut has a major influence on the surface roughness of the finished component. A lot of
research work has been directed towards improving the surface quality of the
machined component. The surface roughness was measured by Pocket Surf (Make:
Mahr GMBH) and it is shown in Figure 3.10. The stylus moves along the length of

the workpiece in the direction of feed.

Figure 3.10. Surface roughness measurement by Pocket Surf
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The evaluation length was taken as 2.4 mm with cut off length as 0.8 mm. The
surface roughness was measured at three different locations on the machined surface
and the average was taken. Additionally a 3D profilometer (Make: Taylor Hobson)
was also used for surface roughness measurement. It is shown in Figure 3.11. The

scanned area for 3D surface roughness measurement was 0.8 mm X 0.8 mm.

Figure 3.11. Surface roughness measurement by 3D profilometer
3.8 Conclusion

In this chapter details of experiments are explained. The fixtures holding the cutting
tools were fabricated. An experimental setup for performing double tool turning
process was developed by modifying a conventional centre lathe. The methodology
for the simultaneous measurement of cutting forces and cutting temperatures were
presented. The procedure for the measurement of cutting tool vibration, tool wear,
diametral error and surface roughness is also presented. The photographs of the
instruments used for the measurement of the above mentioned parameters are shown.
Metal cutting experiments are performed for various cutting conditions. The effect of
the cutting conditions on cutting forces, cutting temperatures and cutting tool

vibration are discussed in Chapter 4.
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Chapter 4

Cutting Forces, Cutting Temperature and Cutting
Tool Vibrationin Double Tool Turning Process

4.1 Introduction

Significant amount of research work has been carried out to understand the
importance of the cutting forces and cutting temperature in the conventional turning
process. The present study focuses on multi-tool turning operation, as turning is a
fundamental machining process. Multi-tool lathes were used widely in the industries
to improve the productivity, before the advent of computer numerically controlled
machines. The research works on multi-tool machining were mainly directed towards
optimisation of process parameters. However, no attempts were made to understand
the cutting forces and temperature due to the usage of multiple cutting tools. From the
Chapter 2 on literature survey, it was observed that no work has been carried out to
understand the influence of cutting parameters such as cutting speed, feed, depth of
cut and tool separation distances on cutting forces and temperature in the double tool

turning process, although a lot of work has been carried out on single tool machining.

In this research work, an attempt is made to understand the effect of front
cutting tool forces and temperature on the rear cutting tool. In this work, two single
point cutting tools were utilised for turning grey cast iron at various cutting speeds,
depths of cut and distances between the cutting tools. Further for single tool turning
process, an analytical model based on ductile fracture mechanics was developed and
experiments were also performed with mild steel. It was used to estimate the cutting
forces and cutting temperature for mild steel. The analytical model helps in providing
theoretical explanation for the experimental results. In addition to cutting forces,
cutting tool vibration is of vital importance as it plays a major role in determining the
surface roughness of the machined component. Hence it becomes essential to study

the effect of cutting conditions on cutting tool vibration. The present research work
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also attempts to understand the effect of cutting speed and tool separation distances
over the vibration behaviour of the front cutting tool and rear cutting tool during the

double tool turning process.

4.2 Experimental Procedure

The experimental methodology is described in this section. The cutting conditions
employed and the work and cutting tool materials used in metal cutting experiments

are also mentioned.

4.2.1 Experimental Setup

Multi-tool turning experiments were conducted on a modified centre lathe (Make:
HMT, Model: NH-26). The details have been mentioned in Section 3.3 of Chapter 3.
Figure 4.1 shows the photograph of the experimental setup along with two cutting

tools. A tool fixture developed by Yatin et al. (2013) was mounted on the rear side of

the lathe carriage to hold the second cutting tool.

B —
FRONT TOOL = REAR TOOL [ I

Figure 4.1. Experimental setup showing front and rear cutting tools

Figure 4.2 shows the cutting force signals of the front and rear cutting tools
during turning for the specified cutting conditions. The cutting force (F,) and feed
force (Fx) of the front cutting tool and rear cutting tool was measured by two
individual four component piezoelectric dynamometer (Make: Kistler, Model: 9272).
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Since the rear cutting tool is kept in an inverted position, the direction of cutting force
of rear cutting tool is opposite to the front cutting tool. This can be noted from Figure
4.2. The cutting force fluctuations is more for the front cutting tool as it is mounted
over the fixture made of steel, whereas the rear cutting tool is mounted over the

fixture made of cast iron leading to lesser vibrations and lesser force fluctuations.

300 -

200

100

—— Rear tool
—— Front tool

Cutting force(N)

-100

-200

-300 . .
20 25 30 35
Time (s)

Figure 4.2. Measured cutting forces in the double tool turning of grey cast iron (75
m/min cutting speed, 0.08 mm/rev feed, 1 mm depth of cut, 2 mm distance between
cutting tools and 58 mm workpiece diameter)

Accelerometer was used to measure the acceleration along the cutting
direction for both the front cutting tool and rear cutting tool. The vibration signal
along this direction is found to be most influential compared to the feed and radial
direction. The time domain and frequency domain plots of front tool for a cutting
speed of 75 m/min, 0.08 mm/rev feed and 1 mm depth of cut are shown in Figure 4.3
and Figure 4.4. The time domain vibration signals are converted to frequency domain
signals by Fast Fourier Transform to reveal its power spectral density. It is observed
that vibrations are predominant at 4000 Hz frequency. The cutting tool overhang
distance also plays a major role in determining the magnitude of tool vibration. In the
present work an overhang distance of 30 mm is kept for both front and rear cutting
tool. The fundamental frequency of the front and rear cutting tool are obtained by

excitation test and its value was found to be 337 Hz and 417 Hz respectively.
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Figure 4.3. Time domain vibration signal of front cutting tool while turning grey cast

iron (75 m/min cutting speed, 0.08 mm/rev feed, 1 mm depth of cut, 2 mm tool
separation distance and 58 mm workpiece diameter)
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Figure 4.4. Frequency domain vibration signal of front cutting tool while turning grey
cast iron (75 m/min cutting speed, 0.08 mm/rev feed, 1 mm depth of cut, 2 mm tool
separation distance and 58 mm workpiece diameter)
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4.2.2 Workpiece and Cutting Tool Material

Grey cast iron and mild steel rods of 58 mm diameter and 250 mm length were taken
as work material for turning operation. The machining length was kept as 150 mm,
due to the constraint imposed by the front tool dynamometer. The workpiece was held
between the chuck and tailstock. For the front and rear cutting tools WNMG 080408
KM 4235 TiN coated carbide inserts (Make: Sandvik) were used. The corresponding
tool holder is DWLNR 2020 K08 (Make: Sandvik). The cutting tool signature is
mentioned in Table 3.2 of Chapter 3. The TiN coated tungsten carbide inserts were

selected as the cutting speeds during machining were below 200 m/min.

4.2.3 Cutting Conditions

Machining was performed at cutting speeds of 75, 120, and 185 m/min and at a feed
of 0.08 mm/rev. The depth of cut was taken as 0.25, 0.5, 0.75 and 1 mm individually
and kept equal for the front and rear cutting tools. The distance between the two
cutting tools was varied to the maximum of 50 mm and machining was carried out

under dry conditions as the graphite present in grey cast iron acts as a lubricant.
4.3 Results and Discussion

In machining, measurement of cutting force helps in estimating the power
consumption. In the present study, when both the front and rear cutting tools are
engaged simultaneously in turning operation and are separated by certain distance
between them, it is logical to investigate the effect of the distance between cutting

tools over the force components.

4.3.1 Effect of Distance Between Cutting Tools on Cutting and Feed
Forces

To understand the effect of distance between the cutting tools on the cutting forces,
the distance between the cutting tools was varied from 10 mm to 50 mm in the
interval of 10 mm, while turning grey cast iron. A depth of cut of 1 mm was given
individually to both the front and rear cutting tools and a constant feed of 0.08
mm/rev was maintained for all the experiments. The variation of cutting force (F,)

and feed force (Fx) components with the distance between the front and rear cutting
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tools is illustrated in Figure 4.5 and Figure 4.6. The experimental data were best fitted

with polynomial curves of third order with high value of coefficient of determination

(R?).
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Figure 4.5. Effect of cutting speeds over cutting forces on the front cutting tool while

turning grey

cast iron (0.08 mm/rev feed and 1 mm depth of cut)
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Figure 4.6. Effect of cutting speeds over cutting forces on the rear cutting tool while

turning grey

cast iron (0.08 mm/rev feed and 1 mm depth of cut)

For both the front and rear cutting tools, there is a slight variation (around

10%) in the

TH-1624_10610326

main cutting force component (F;) for the distances ranging from 10 mm
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to 50 mm. This variation may be due to non-uniform material properties. On the other
hand, there is significant variation of cutting forces with the cutting speed. The cutting
force values were the highest at the cutting speed of 120 m/min. This type of
behaviour, i.e., the lesser cutting force values at low and high speed is common in
metal cutting (Dearnley, 1985; Yigit et al., 2008; Camusu 2008). It may be due to
built up edge formation at the intermediate cutting speed (Trent and Wright, 2000). At
high cutting speed, the cutting temperature increases and this reduces the shear yield
strength of the material at the primary deformation zone. Hence, the cutting forces are
the lowest at 185 m/min. At a low cutting speed of 75 m/min, friction and vibration
are lesser. Hence, in this condition also the cutting forces are lower, although more

than 185 m/min cutting speed.

The feed force component (Fy) of the front and rear cutting tools was almost
independent of distance between the tools. For the front cutting tool, the cutting force
was the lowest at 185 m/min, whilst the feed force was the lowest at 75 m/min. On the
other hand, for the rear cutting tool both the forces are the lowest at 185 m/min. The
maximum and minimum feed forces obtained are 200 N and 180 N for front tool
(Figure 4.5). The corresponding values for rear tool are 165 N and 130 N (Figure 4.6).
It is interesting to note that ratio of feed force to cutting force varies from 0.84 to 0.93
for front cutting tool and 0.63 to 0.74 for rear cutting tool. The ratio of feed force to
cutting force gives an indication of friction during machining. The greater is the
friction due to flank wear, the more is the ratio of feed force to cutting force
(Yellowley and Lai, 1993). A simple Merchant’s analysis considering obliquity
provides the average equivalent coefficient of friction for front tool as 0.8 and for rear
tool as 0.6. Incidentally, it was reported long back that in orthogonal cutting the
coefficient of friction varies between 0.5 and 1.0 (Chisholm, 1951). It is expected that
the rear tool will encounter lesser friction, as the front tool cleans the machined
surface and helps in bringing out graphite on the surface. At the same time, due to the
inhomogeneous nature of grey cast iron, inner layers are softer. The net effect is that
on an average rear tool experience lesser force. Irrespective of the distances between
the cutting tools, for a particular machining condition the feed force remains constant.
It is influenced a lot by the flank wear. However, in the present work, the wear of the

cutting tool has no influence on the cutting forces because the insert is replaced after
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each pass of machining. From this, it is inferred that the forces are independent of the
distances under the range of cutting conditions in which the experiments were carried

out.

4.3.2 Effect of Depth of Cut and Cutting Speed on the Forces for
2 mm Distance Between the Cutting Tools

Tables 4.1 shows the average cutting forces and feed forces at four depths of cut at a
cutting speed of 75 m/min. The distance between the cutting edges of front and rear

cutting tool was 2 mm. Equal depth of cut was assigned for both the tools.

Table 4.1. Effect of depth of cut on cutting and feed force in double tool turning of
grey cast iron (75 m/min cutting speed, 0.08 mm/rev feed and 2 mm distance between
cutting tools)

Cutting force (N) Feed force (N)
Depth of cut
(mm) Front Rear Front Rear
tool tool tool tool
0.25 69 53 42 27
0.50 112 99 95 60
0.75 163 154 152 143
1.0 232 193 178 144

It was observed that repeatability of force measurement is about + 10%. The
reason for keeping a lesser distance between the cutting tools was to derive some
benefit from the preheating effect of front cutting tool in reducing the forces of rear
cutting tool. The reduction in cutting and feed forces was obtained for the cutting
speed of 75 m/min. For cutting speeds of 120 m/min and 185 m/min, 1 mm depth of
cut and 2 mm tool separation distance reduction in rear cutting tool feed forces was
observed. This is revealed in the Figure 4.7. The error bars in the figure indicate

+109% variation in forces.

Reduction in the equivalent coefficient of friction seems to be the main factor
for reducing the forces, not the temperature. Astakhov (2011) argued that
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conventional metal cutting is a cold working process and maximum temperature in the
deformation zone normally does not exceed 200 °C, although the chip temperature
may be much higher. As per the ideal mechanistic model (Kapoor et al., 1998) the
cutting force components should vary linearly with the depth of cut as the uncut chip
area increased in that proportion. In practice due to size effect, presence of cracks and

several kinds of non-homogeneities, the exact linear proportionality is not maintained.
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Figure 4.7. Variation of feed force in double tool turning of grey cast iron (0.08
mm/rev feed, 1 mm depth of cut and 2 mm distance between the two cutting tools)
Following relation was fitted between force component and depth of cut.
F=ad® (4.1)

where F is the force component, d is the depth of cut, a is the proportionality constant
and b is the exponential constant. For the main cutting force at the cutting speed of 75
m/min, the values of b are 0.86 and 0.95 for front and rear tools, respectively. The
corresponding values for feed force component are 1.1 and 1.3, respectively. This
indicates that as a first approximation, the linear relation between force components
and depth of cut is justified. This is more so in the case of cutting force, as the feed

force is influenced a lot by friction forces, which distorts linearity.
4.3.3 Effect of Distance Between the Front and Rear Cutting

Tools on the Cutting Temperature
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In the double tool turning, the effect of cutting speed and depth of cut on the cutting
and feed forces are similar to the conventional turning process. By utilising two
cutting tools, the rate of material removal and hence productivity can be doubled. The
relative position of one cutting tool with respect to the other cutting tool is an
additional parameter in addition to the conventional turning parameters. Hence, an
attempt has been made to understand the effect of distance between front and the rear
cutting tool on cutting temperature. Figure 4.8 shows the effect of distance between
two cutting tool and cutting speed on the workpiece temperature. With the increase in
cutting speed, workpiece exhibited an increase in temperature; however no effect of

distance between two cutting tools was observed.
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Figure 4.8. Effect of cutting speed and distance between the front and rear cutting
tools on work material surface temperature

Figure 4.8 reveals that the workpiece temperature increased from 60 °C to 80
°C when the cutting speed was increased from 75 to 185 m/min. The high metal
removal rate caused high rate of plastic deformation contributing to more heat
generation. Figure 4.9 shows the thermographic view of two cutting tools at cutting
speed of 75 m/min, feed of 0.08 mm/rev, depth of cut of 1 mm for both the front and
rear cutting tools and 2 mm distance between the cutting tools. Figure 4.10 represents
the temperature rise of the workpiece. The region A corresponds to the initial
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temperature of the workpiece at a particular location. The region B represents the
temperature rise caused by the first cutting tool at that location. The region C is the
dwell period between passing of the front tool and the arrival of the rear tool. The
region D represents the temperature rise caused due to the second cutting tool. The
instantaneous field of view keeps changing as the cutting zone moves during the
turning process. This may result in operating the IR camera operating out of its spatial
resolution capabilities. This results in low temperature of the thermographic image.
Moreover, due to the presence of chips and tool flank at the cutting zone, the IR
camera can capture only the workpiece temperature in the vicinity of cutting zone.
Thus, these temperatures should be treated as workpiece temperature. A small portion
of heat generated during cutting goes into the workpiece. This gets diffused into the
workpiece quickly due to high thermal diffusivity. Hence, only a small portion of heat
developed due to cutting by one tool is available at the other cutting zone. Thus, no
appreciable effect of separation distance of the tools is observed on the temperatures

in the vicinity of two cutting zones.

REAR CUTTING TOOL

-

FRONT CUTTING TOOL

Figure 4.9. Thermographic image while machining grey cast iron with coated carbide
front and rear cutting tool (75 m/min cutting speed, 0.08 mm/rev feed, 1 mm depth of
cut and 2 mm distance between cutting tools)
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Figure 4.10. Surface temperature of work material at various periods of machining

4.4 Estimation of Cutting Forces and Cutting Temperature
in Single Tool Turning with a Simplified Model

Estimating the cutting forces helps in determining the power consumption during the
process. Atkins (2003) published a paper on the modelling of metal cutting using
modern ductile fracture mechanics. According to this theory, the work required for
machining comprises the following three components: (1) work required for plastic
deformation along the shear plane, (2) work due to friction at tool-chip interface and
(3) work due to the formation of new cut surface. Equating the total work to the work

supplied by the cutting tool, the expression for cutting force F. is obtained as

E_wty _ C0s(f-a) (1+ Rcos(a—¢)sin¢]’ 42)

© P Csingcos(g+ f-a) t,Y, cosa
where w is the width of cut, to is the uncut chip thickness, Ys is the shear yield
strength, g is the friction angle given by tang = x4, where 4 is the equivalent
coefficient of friction, « is the rake angle, ¢ is the shear angle and R is the specific
work of surface formation (fracture toughness). The shear yield strength Y5 can be
obtained from the Johnson-Cook’s model (Dixit and Dixit, 2015). The expression for

the Johnson-Cook’s model is given as
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Y, :%(m Bg”)(1+C |n§]{1—({n_z]m},

where A, B, C, n and m are material parameters usually obtained from curve-fitting.

(4.3)

The process temperature, ambient temperature and the melting temperatures are
denoted by T, T, and Ty, respectively In the metal cutting, the process temperature
refers to the cutting temperature. The equivalent strain, equivalent strain-rate and

reference strain-rate are denoted by ¢, &,and &,. In the present work, the reference

strain-rate is taken as 1 s *. In Equation (4.2), Y, should be taken as the average shear
yield strength. As a first approximation, the cutting temperature and strain-rate are
assumed constant during the process, but the strain changes from 0 to the maximum
value. The maximum shear strain is given by

COS o

‘. cos(p—a)sing

(4.4)

Assuming von Mises criterion, the maximum equivalent strain is calculated as

/4
& == 4.5
max \/§ ( )
The average shear yield stress is obtained as
J. Y. (e)de
Y,=2———, (4.6)
&

max
where Y, on the left side denotes the average shear yield stress and Ys (&) denotes the
shear yield stress as a function of equivalent strain as the temperature and strain-rate
are kept constant for one iteration in Equation (4.3). The Equation (4.6) can be
evaluated numerically by two-point Gauss quadrature that provides exact integration
for a cubic function. Many a times, in modelling, even linear strain-hardening is
assumed. Hence, cubic approximation for Y (&) is expected to provide almost zero
error. Application of two-Gauss point formula provides the following expression for
the average shear yield stress:

v - Y, (&)+Y,(&,)
: 2

, (4.7)
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(o) o-m(i-L) “

It can be observed from Equation (4.7) that average flow stress is simply the
arithmetic average of two sampling points which are far away from the minimum and
the maximum strain. As Johnson-Cook’s model is obtained by fitting the data, its
accuracy is expected to be poor near the extreme strain values. The use of two-point
Gauss quadrature is better as the Gauss-points fall well within the range and accuracy

of fitting at these points is expected to be better.

The average strain rate is the ratio of the maximum strain to cutting time. The
cutting time may be considered to be the order of chip thickness divided by cutting
velocity. The chip thickness can be considered as a characteristic length. This is an
approximation, but it seems reasonable. Astakhov (2011) argued that strain-rate in
metal cutting is expected to be less than 10 s, unlike the estimate of 10°-10°s™ by
several researchers (Chao and Bisacre, 1951; Shaw, 1954; Kronenberg, 1966; von
Turkovich, 1970; Oxley, 1989; Stephenson and Agapiou, 1996; Trent and Wright
2000). As will be shown later the strain rate used in this work are about 10° s, a
value showing some bias towards the observation of Astakhov (2011). The following

expression for the strain-rate is used.

. rV
£=-"=—,
J3t,

where V is the cutting speed and t. is the chip thickness.

(4.9)

The cutting temperature at the primary shear zone is estimated which is as
follows (Ghosh and Mallik, 2010).

The force due to friction on the rake face is calculated as

Fr =F,sina+F, tan(f - a)cosa. (4.10)

The power during the plastic deformation process taking place in the primary

deformation zone is calculated as

P=FV-FrV, (4.11)
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where F_and F: are the main cutting force and the frictional force, respectively, V is

the cutting speed and r is the cutting ratio given by

sing

r=——+= . 4.12
cos(gp—a) (412
The proportion of heat conducted to the workpiece is determined by
Pup = 0.15In—(_|_ 2;?¢), (4.13)
N

where T, refers to the Thermal Number (Chattopadhyay, 2011) which is calculated as

follows

_ PV,
k
where p is the density of the workpiece, cis the specific heat capacity, ty is the

Ty , (4.14)

uncut chip thickness and k is the thermal conductivity.

Finally, the temperature rise in the cutting zone is obtained by

1-p )P
g, = m, (4.15)
pCVt,w

where w is the width of cut.

The Equation (4.2) shows that the cutting force is dependent on the shear
angle ¢. Following the minimum energy principle, the optimum value of shear angle
can be obtained using interval-halving method (Deb, 1995). The entire procedure is
explained in the form of a flow chart as given in Figure 4.11. Considering that
cylindrical turning is a three-dimensional machining, the rake angle « corresponding
to orthogonal machining is replaced by the effective rake angle o given by Stabler
(1951).

sina, =sin’i+cos’isina, . (4.16)
The inclination angle i is given by Bhattacharya (1984)
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tani =cosy tang, —siny tan o, (4.17)

where o, the back rake angle, «sis the side rake angle and y is the side cutting edge

angle all in ASA system. The normal rake angle &, is given by
a, =tan™{(tan a, siny +tan a, cosy’) cosi}. (4.18)

The uncut chip thickness and width are f cosy and d/cosy respectively, where
f is the feed and d is the depth of cut.

Y
/ Input ¢, ¢, 1. @, y. J, e, parameters of J-C model, /

assume 7" and &

Y

Compute L=¢, - ¢. d=4¢ —é & =0 _4£ and ¢, =¢1;¢;_

4

Calculate the cutting force F_ for the shear angle ¢, .

A4

—» Find out the cutting forces F | and F, for ¢, and ¢, from the subroutine.

&=0, » 4,=9,
and L = ¢, —¢,.

Figure 4.11. The flow chart of the main program for obtaining the cutting force by
minimizing shear angle using interval-halving method
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For each particular value of shear angle, the force F. is calculated by Equation
(4.2), which needs the value of Y as a function of strain, strain-rate and temperature.
Equation (4.5) and Equation (4.9) provide strain and strain-rate respectively. The
temperature is estimated by the procedure described earlier. The estimated value of
temperature is used to modify the value of Ys and F. is calculated again. This
procedure is repeated till the convergence is obtained. Figure 4.12 shows the flow
chart of the subroutine for estimating the cutting force for a particular shear angle.
This subroutine is called in the main program as described in Figure 4.11.

/
Calculate the frictional force F and the power consumed
in the primary deformation zone P,

y
Calculate the cutting foree £, and the cutting temperature 7,
. 3 .
with the assumed value of temperature and strain-rate.

/
Find out the cutting force < and cutting temperature 7,
for the new value of temperature and strain-rate.

ep on

4

(Stop)

Figure 4.12. The flow chart of the subroutine for estimating the cutting force

The code was run by assuming various assumed values of equivalent
coefficient of friction. For mild steel (AISI 1010) workpiece, following parameters of
Johnson-Cook model were used from Brar et al. (2007): A=367 MPa, B=700 MPa,
n=0.935, C=0.045, m=0.643. For £=0.9, the cutting force was obtained as 187 N and
feed force as 133 N.
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Table 4.2. Cutting forces and workpiece surface temperature while double tool
turning of typical mild steel with TiN coated tungsten carbide tools (75 m/min cutting
speed, 0.08 mm/rev feed and 1 mm depth of cut)

Average force component (N)
Distance Average workpiece
between the Front tool Rear tool surface temperature
cutting _ ] between cutting edges
Cutting | Feed force | Cutting | Feed force o
tools (°C)
force force
(mm)
2 215 117 230 89 50
5 216 120 227 90 50
10 217 120 226 92 55
20 207 114 216 87 55
30 206 119 218 87 55
40 200 114 214 85 55
50 220 121 214 88 55
Note: Theoretical cutting force is 193 N and feed force is 105 N. Theoretical model does not consider the
effect of separation.

A comparison of these values with Table 4.2 reveals that error in the estimation of
cutting force varies from 6.5% to 15% and that in the estimation of feed force varies
from 9% to 15.8%. The errors of this magnitude should not be considered high
considering the uncertainty in the estimation of flow stress and friction in metal
cutting. Schey (1983) observed that in a real metal, flow stress cannot be reproduced
to better than +5% accuracy. In metal cutting the accuracy of +10% in flow stress
should be considered as a good accuracy. Chisholm (1951) felt that in orthogonal
machining the coefficient of friction lies between 0.5 and 1. Considering dry turning,
a value of 0.9 for the coefficient of frictions seems reasonable. For the proper estimate
of the rear cutting tool force values, strain hardening and residual stresses must be
taken into account. It is not easy to find these effects analytically. However, the

overall effect may be visualized by assuming some pre-strain while using Johnson-
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Cook’s model. Here, a pre-strain of 0.25 is assumed with reduced friction coefficient
of 0.7. This provided the cutting force of 193 N and feed force of 105 N. The error in
the estimation of cutting force varies between 9.8% and 16.1%. The error in the
estimation of feed force varies between 4.4% and 12.9%. The values of pre-strain and
coefficient of friction were manually adjusted. It is possible to find them using an
inverse approach based on an efficient optimization algorithm. The present analytical
method also provided the estimate of temperature at tool-work interface. It came out
to be 282 °C for the front tool and 325 °C for the rear tool. These values are below the
recrystallization temperature of mild steel. This agrees with the viewpoint of
Astakhov (2011) that metal cutting is mostly a cold working process. Table 4.2 shows
average cutting forces and temperature of mild steel workpiece for different distances
between front and rear cutting tools. In all the cases, the cutting speed was 75 m/min,
0.08 mm/rev feed and depth of cut 1 mm for each tool. Except for the tool separation
of 50 mm, in all the cases, main cutting force of rear tool is more than the main
cutting force of front tool. This may be due to strain hardening of the surface
machined by front cutting tool and possibly the residual stresses. On the other hand,
the feed forces for the rear tool are lesser. This indicates that the equivalent
Coulomb’s coefficient of friction encountered by the rear cutting tool is lesser than
that encountered by front cutting tool. The front cutting tool provided a good surface
finish and enhanced hardness that contributed to reduced friction. At a separation
distance of 50 mm, the vibrations get increased, which increased the main cutting
force on both the cutting tools. The average workpiece surface temperature between
the cutting edges is 50-55 °C. When the distance is lesser (2—5 mm), the temperature
is about 50 °C.

Figures 4.13-4.15 show the thermograms for different cutting conditions. It
shows the temperature variation starting from the vicinity of cutting tools up to
revolving centre of the tailstock. It does not provide much idea about the temperature
at tool-work interface, but one can estimate it by using the technique of inverse heat
transfer. Figure 4.13 shows that for cutting speed of 75 m/min, feed of 0.08 mm/rev
and depth of cut of 0.5 mm, the maximum temperature on the visible surface of the
workpiece is about 60 °C. When the depth of cut was doubled, the maximum visible
surface temperature increased to about 85 °C as shown in Figure 4.14. With a further
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increase of the feed to 0.24 mm/rev, the maximum temperature on the visible surface
increased to 220 °C, as shown in Figure 4.15. A quick analysis can reveal that

increase of temperature is dependent on the uncut chip cross-sectional area.

Figure 4.13. Thermogram of mild steel workpiece during cutting (75 m/min cutting
speed, 0.08 mm/rev feed, 0.5 mm depth of cut and 10 mm distance between cutting
tools)

Figure 4.14. Thermogram of mild steel workpiece during cutting (75 m/min cutting
speed, 0.08 mm/rev feed, 1 mm depth of cut and 10 mm distance between cutting
tools)

55

TH-1624_10610326



Figure 4.15. Thermogram of mild steel workpiece during cutting (120 m/min cutting
speed, 0.24 mm/rev feed, 1 mm depth of cut and 10 mm distance between cutting
tools)

The analytical model for single tool was developed to predict the cutting forces and
cutting temperature, which helps in determining the power consumption.
Theoretically, the power consumed for double tool turning is twice as that of single
tool turning for the same cutting conditions. The analytical model provided theoretical
explanation for the experimentally obtained values. This model is not taking the
interaction effect (like separation distance) of the tools. A detailed analytical model
considering all the aspects is left for future work. The present model could explain

some observations successfully in a qualitative manner.

4.5 The Influence of Machining Parameters on Cutting
Tool Vibration in Double Tool Turning Process

Considerable amount of investigations on vibration has been carried out in the
conventional machining process (Mehta et al., 1983; Zeng and Forssberg, 1994; El-
Wardany et al., 1996; Risbood et al., 2003; Abu-Mahfouz, 2003; Salgado and Alonso,
2006; Orhan et al., 2007; Alonso and Salgado, 2008). However there was no attempt

made to understand the dynamics of double tool machining. The present research
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work deals about the influence of cutting speed and tool separation distance on cutting

tool vibration in double tool turning process of grey cast iron work material.

Generally cutting tool vibrations are dependent on machining parameter such
as cutting speed, feed and depth of cut in the conventional turning process. In the case
of double tool turning process, the introduction of second tool and distance between
both front and rear cutting tool are also expected to affect cutting tool vibration. In
order to study the effect of cutting speed on tool vibration, the feed of 0.08 mm/rev
and the depth of cut of 1 mm are maintained constant and the cutting speed is varied
for the different tool separation distances. Figure 4.16 and Figure 4.17 shows the
amplitude of vibrational signal of the front and rear cutting tool, for various tool
separation distances. It can be observed from the figures that, with the increase in
cutting speed 75 to 185 m/min, cutting tool vibration decreases. This behaviour is due
to that fact that shear zone temperature increases with increase in cutting speed. Rise
in shear zone temperature plasticize the work material and hence reduces cutting
forces and provides more damping. Subsequently cutting tool vibration reduces. This
is confirmed with the measured cutting force. When the cutting speed increases from
75 to 120 m/min and further to 185 m/min, cutting force measured at front cutting tool
are 232, 216 and 200 N and at the rear 245, 233 and 206 N respectively. Ghani et al.
(2002) machined nodular cast iron with a ceramic tool. With the increase in cutting
speed from 364 to 685 m/min cutting tool vibrations reduced. Dimla and Lister (2000)
machined EN 24 steel with coated carbide tool and found that the power spectral peak
of the vibration signals decreases with the increase in the cutting speed. Fang et al.

(2010) reported dynamically stable cutting tool with increase in cutting speed.
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Figure 4.16. Front cutting tool vibration amplitude in cutting direction (0.08 mm/rev
feed and 1 mm depth of cut)
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Figure 4.17. Rear cutting tool vibration amplitude in cutting direction (0.08 mm/rev
feed and 1 mm depth of cut)
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With the increase in distance between front and rear cutting tool, cutting tool
vibration decreases. When the distance between front and rear cutting tool increases,
cutting tool moves towards chuck and hence workpiece rigidity improves during the
machining. Improved rigidity of workpiece contributes to the reduction in the cutting
tool vibration. The front cutting tool is held in a tool holder. It is rigidly fixed at one
end and at the other end (cutting edge) the cutting forces act. Hence the support and
loading condition resemble a cantilever beam subjected to point load at one end.
Whereas the rear tool is attached to a tool holder which is fixed to cross-slide. The
cross-slide is mounted over a base plate which is of overhanging in nature. In addition
rear tool holder base plate is made of cast iron which also contributes to improve the
damping performance Thus due to the superior damping property of the material and
rigidity of rear tool holder, vibration of rear cutting tool is found to be far less than
that of front cutting tool. In fact, it would have been better to make both front and rear
fixture by cast iron to get good damping property. Thus the present experimental
investigation reveals the influence of cutting speed on the tool vibration of front and
rear cutting tool. Increase in cutting speed reduces the tool vibration for both the front
and rear cutting tool. Vibration of front cutting tool is higher than that of rear cutting

tool for the chosen cutting conditions.

4.6 Conclusion

A conventional centre lathe was slightly modified to mount the second cutting tool at

the rear side. Turning was performed at various cutting speeds, depths of cut and

various distances between the two cutting tools. Cutting and feed forces of both front

and rear cutting tools were measured along with temperatures. The following are the
salient observations.

¢+ For grey cast iron work material, the cutting force and feed force components

are not affected significantly by the distance between the front and rear cutting

tool. There is a positive correlation between cutting force components and

depth of cut. However, it is not a linear correlation. The deviation from

linearity is more in the case of feed forces than in the case of cutting forces. It

was observed that at a cutting speed of 75 m/min, the rear tool encountered

lesser force compared to front tool for 2 mm distance between the cutting

tools. This is attributed to reduced friction due to cleansing effect of the front
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tool. Due to reduced friction, the ratio of feed force to cutting force also got
reduced.

The distances between the front and rear cutting tools (2, 4, and 8 mm)
exhibited no significant effect on cutting temperature. The increase in cutting
speed from 75 m/min to 185 m/min causes a rise in temperature of grey cast
iron workpiece from 60 °C to 80 °C. At this much rise in temperature, material
properties are not affected significantly.

With the aid of an analytical model, theoretical explanation was provided for
the experimentally obtained cutting forces and temperature for single tool
turning process of mild steel work material. Comparison between the
experimental and analytical model revealed an error varying between 9.8%
and 16.1% for cutting force and for feed force it is between 4.4% and 12.9%.
The cutting tool vibration of front and rear cutting tool decreased with the
increase in cutting speed. Moreover the front cutting tool vibration was higher
than the rear cutting tool for the selected cutting conditions while double tool

turning of grey cast iron.
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Chapter 5

Diametral Error, Cutting Tool Wear and Chip
Morphology in Double Tool Turning Process

5.1 Introduction

Cylindrical parts with length to diameter ratio of more than six are used as
transmission shafts, broaching tools, lead screws and feed rods of machine tools. The
dimensional deviation becomes prominent while machining these slender workpieces.
In a turning operation, the dimensional deviation mainly refers to the diametral error.
It is the deviation between the desired and actual diameter of the workpiece. The
deviation of the workpiece diameter from the desired diameter is shown in Figure 5.1
schematically. It is caused due to the deflection of the workpiece, cutting tool, tool
holder and other machine components; the effective depth of cut is smaller than the
set depth of cut. Steady rest and follower rest are often used to reduce the diametral
deviation, while turning the slender jobs in a lathe. In double tool turning process, the
rear cutting tool not only removes the work material but also provides support to the
workpiece. Hence, the diametral error is expected to decrease in double tool turning

process.

‘s . tus irface after turning
lnitil sirface \ctual surface after turning

/ \ Desired surface

P T —
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Dimensional error /-

Figure 5.1. A schematic of dimensional deviation of a slender workpiece

Another major factor influencing the machining performance is tool wear. It

indicates the amount of material lost from the cutting tool during machining. Flank
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wear and crater wear are the two types of tool wear; former occurs due to the rubbing
action of the cutting tool on the machined surface and the latter occurs due to the
sliding action of the chip on the rake face of the cutting tool. The time period during
which the tool gives a satisfactory performance is called the tool life and it is
expressed in minutes. Mechanics of chip formation and chip characteristics are
essential to understand the mechanics of metal cutting. Chip morphology and its

characteristics are revealed by scanning electron microscope.

From prior research works it was observed that the effects of the workpiece
slenderness ratio, cutting forces and follower rest on diametral errors are well
understood for conventional turning process. However, there has been no attempt
made to understand these effects for the double tool turning process. This work
attempts the same by turning a cylindrical workpiece with two cutting tools mounted
on the same carriage. It is well understood that considerable work on tool wear and
chip morphology has been carried out in turning operation to understand the
mechanism of cutting. However, no work has been carried out to understand the
cutting mechanism in the double tool turning process pertaining to tool wear and chip
morphology. The present research work fills up that gap.

5.2 Experimental Procedure

The procedure for measuring the diametral deviation was described in Chapter 3, here
further details are described. In the present work, machining was performed at cutting
speed of 116 m/min, feed of 0.24 mm/rev at various depths of cut (1, 1.5 and 2 mm).
Figure 5.2 shows force signals of the front and rear cutting tools during turning for a
specific cutting condition. The cutting forces of the front as well as the rear cutting
tool are measured while turning. The measured cutting forces are used to predict
workpiece deflection with the aid of an approximate analytical model. To measure the
diametral deviation, a precision dial gauge (Make: Mitutoyo, Accuracy: 1 um) was
used and moved along the length of the workpiece from the tailstock to the chuck end
without removing the workpiece after machining. Figure 5.3 shows the close up view
of the experimental setup with a dial gauge used to measure the diametral error (refer
Fig. 3.7 for other photograph). Grey cast iron and titanium nitride coated carbide was
taken as work and cutting tool material, respectively. The machining length and
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diameter of the workpiece is 220 mm and 52 mm respectively. For measurement
purpose the workpiece was divided into 11 divisions each of 20 mm length. For every
division, the workpiece was rotated by 60° and the deviation was measured on six
equidistant points on the circumference and the average value was recorded. The
machining experiments were repeated three times and a good repeatability within
+10% was observed. The details of the experiments for measuring cutting forces and

temperature are given in Chapter 3.
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Figure 5.2. Measured cutting forces of the front and rear cutting tools in double tool
turning of grey cast iron (116 m/min cutting speed, 0.24 mm/rev feed, 1 mm depth of
cut and 10 mm separation distance between the cutting tools)

Figure 5.3. Measurement of the diametral error
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5.3 Results and Discussion

Figure 5.4 shows the measured diametral deviation of grey cast iron machined surface
from the chuck to the tailstock end when machined at 1 mm depth of cut. Based on
three replicates, the maximum error in the measurement was less than £5%. Hence, in
the figure, the error bars have been drawn considering uniform deviation of +5% in all
the cases. The diametral deviation from the set diameter increased towards the
tailstock end. This behaviour is due to the increased workpiece deflection at the
tailstock end as compared to the chuck end. The maximum deviation at the tailstock
end was 108 um. The cutting forces generated while turning with a single (front)
cutting tool, deflect the workpiece. When the second cutting tool (rear) was engaged,
the rear cutting tool restricted the deflection of the workpiece due to the front cutting
tool. Hence the maximum workpiece deflection got reduced to 22 um. This
contributed to the improvement of workpiece diametral accuracy by 80%. The front

and rear cutting tools acted as a follower rest for each other.
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Figure 5.4. Diametral error of the machined surface of grey cast iron at 1 mm depth
of cut (116 m/min cutting speed and 0.24 mm/rev feed)
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Due to the flexible tailstock end compared to rigid support at the chuck end,
the workpiece deflects more at the tailstock end. This deflection generates vibration,
causing slight increase in the cutting force. Figure 5.5 shows the measured main
cutting force from the tailstock end to chuck end. The mean cutting force increased
from 300 N to 350 N. Killic et al. (2007) also observed a similar increase in cutting
force behaviour while machining a long aluminium workpiece. They observed an
increase of 500 N (from 1500 N to 2000 N) while machining a length of 170 mm at a
cutting speed of 87.8 m/min, feed of 1 mm/rev and depth of cut of 1 mm. This was
due to reduced diametral deviation as the tool moves from tailstock end to chuck end.
When the rear cutting tool was engaged, workpiece experienced support from the rear
for the complete length since the rear cutting tool moves along the entire machining
length. Figure 5.6 shows the measured cutting force of the front cutting tool when
both the tools are engaged. Unlike the previous case, the mean cutting force varied
between 300 N and 325 N. Thus, the range of force reduced by 25 N. The dynamic
stiffness of the machining system is influenced by the compliance of headstock,
tailstock and carriage. Apart from this, the workpiece length, cutting tool, tool post
and work holding device such as chuck also affect the dynamic stiffness. The
accuracy of holding the workpiece during machining and position of cutting tool play

a major role in dimensional and shape accuracy.

400
375
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Cutting force (N)

Time (s)
Figure 5.5. Variation of cutting force while turning from tailstock to chuck with
single cutting tool for grey cast iron work material (116 m/min cutting speed, 0.24
mm/rev feed and 1 mm depth of cut)
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Figure 5.6. Variation of cutting force while turning from tailstock to chuck with two
cutting tools for grey cast iron work material (116 m/min cutting speed, 0.24 mm/rev
feed and 1 mm depth of cut)

5.3.1 The Effect of Depth of Cut

125
—a— Single tool turning
—e— Double tool turning
100 -
=
S
3
£ 754
()
o
©
g 50
[a)
25 4
0 I

I I I
0 50 100 150 200 250
Distance from chuck end (mm)

Figure 5.7. Diametral error at 1.5 mm depth of cut for grey cast iron work material
(116 m/min cutting speed and 0.24 mm/rev feed)

Figures 5.7 and 5.8 show the measured diametral error from chuck to tailstock
end for the depths of cut of 1.5 mm and 2 mm, respectively. It confirms that actual
depth of cut is achieved near the chuck end, whereas the diametral error increases
while measuring towards the tailstock end and it is higher for 2 mm depth of cut. The

measured average deviation at the tailstock end was 120 um and 155 pum for the
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depths of cut of 1.5 mm and 2 mm, respectively. When the depth of cut increased
from 1 mm to 1.5 mm and further to 2 mm the diametral error increased by 11% and
43%, respectively. Thus, it can be said that higher depth of cut of the front cutting tool
leads to higher diametral error. This behaviour is due to the increased cutting force at
higher depth of cut.
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Figure 5.8. Diametral error at 2 mm depth of cut for grey cast iron work material (116
m/min cutting speed and 0.24 mm/rev feed)

The diametral error was proportional to the cutting force of the front cutting
tool when machining was carried out without the rear cutting tool. Higher cutting
force of front cutting tool led to higher diametral error. The cutting force is influenced
by many parameters, such as cutting speed, feed, depth of cut, work and tool material
and rigidity of machine tool. Among these parameters, depth of cut is an important
parameter. In the present investigation depths of cut of 1 mm, 1.5 mm and 2 mm were
used. In order to confirm the effect of depth of cut on diametral error and cutting
forces, the metal cutting experiments were performed at other cutting conditions. The
cutting force values of front and rear cutting tool are given in Table 5.1. From the
table, it is observed that when the depth of cut increased from 1 mm to 1.5 mm, the

cutting force of rear cutting tool increased by 1.2 times. Similarly, when the depth of
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cut increased from 1.5 mm to 2 mm the rear cutting tool force increased by 1.4 times.
Similar increase was observed for the front cutting tool.

Table 5.1. Variation of cutting forces for various depths of cut

Depth of cut (mm) Front cutting tool force (N) Rear cutting tool force (N)

1 214 239
1.5 280 295
2 392 408

5.3.2 Physical Explanation for the Improvement of the Accuracy
through the Double Tool Turning

A simple strength of material approach was used to compute the workpiece deflection
due to the cutting forces. The workpiece was assumed as a cantilever beam due to the
rigid support at chuck as compared to the tailstock. The measured main cutting force
(tangential component) of the front and rear cutting tools were considered as a point
load. Although the radial component of the force is the most influencing component
for dimensional deviation, a qualitative idea can be obtained by considering the
deflection due to tangential force. In practice, all the components influence
dimensional deviation (Mayer et al. 2000).

The Young’s modulus of the workpiece material (Grey cast iron) is taken as
140 GPa and the weight of the workpiece is assumed as the uniformly distributed
load. Here a multiplying factor was used to convert the main cutting force to the
equivalent force that causes the radial deflection of the job. The multiplying factor
was obtained by the least square method minimizing the error between the theoretical
and experimental diametral error. For single tool turning the multiplying factor came
out to be 0.9 and for double tool turning it was 0.92. Comparisons of theoretical and
experimental radial deflection of workpiece for single tool turning and double tool

turning are shown in Figure 5.9 and Figure 5.10.
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Figure 5.9. Theoretical and experimental workpiece deflection for single tool turning
process (116 m/min cutting speed, 0.24 mm/rev feed and 1 mm depth of cut)
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Figure 5.10. Theoretical and experimental workpiece deflection for double tool
turning process (116 m/min cutting speed, 0.24 mm/rev feed, 1 mm depth of cut and
10 mm separation distance between the cutting tools)
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In turning, workpiece deflects in radial direction with the maximum deflection
at the tailstock end. Due to this deflection, in spite of setting uniform depth of cut, the
actual depth of cut varies along the length. The desired and actual diameters are
almost equal at the chuck end. The diametral error increases along the length of
workpiece due to workpiece deflection and reaches the maximum at the tailstock end.
This is because the compliance of tailstock is higher than the compliance of
headstock. It can be observed from the work of Murthy (1970) that the form errors,
such as diametral error caused due to the machine tool compliance and because of
workpiece compliance act opposite to each other. In the double tool turning, cutting
forces due to the front and the rear cutting tool act opposite to each other and the net
deflection of workpiece due to the net cutting force is reduced. Due to the reduction in
workpiece deflection, the diametral error of the machined workpiece in double tool

turning is reduced.

5.3.3 Temperature during Double Tool Turning

An infrared camera was used to measure the net average surface temperature of the
workpiece during double tool turning. Two different regions were considered, one
region is the front cutting tool work interface (Ts) another is the rear cutting tool work
interface (T,). The temperatures of these two regions were measured with respect to
time. It is to be noted that this temperature is not an actual temperature of the tool-
work interface. It is only the average temperature of the workpiece near tool-work
interface. This temperature can provide an idea about the relative amount of heat
generated by front and the rear cutting tools. The mean cutting temperature gradually
increased in the beginning and reached saturation for both the front and the rear
cutting tools. It is to be noted that the cutting speed and feed of both front and rear
cutting tools are same, since both are mounted on the same carriage. Figure 5.11
shows the average temperature at the interface of workpiece near the front and the
rear cutting tools. The region near the rear cutting tool exhibited higher temperature as
compared to the region near the front cutting tool. This is due to prior heating of the

workpiece by the front cutting tool.
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Figure 5.11. Tool-work interface temperatures while turning with two tools (116
m/min cutting speed, 0.24 mm/rev feed and 1 mm depth of cut)

5.3.4 Cutting Tool Wear

The double tool turning of grey cast iron was carried out for 320 s (cutting speed 150—
200 m/min, 0.24 mm/rev feed and 1 mm depth of cut) to understand the flank wear of
the front and rear cutting tools. The cutting speed kept on reducing due to reduction in
the diameter of the workpiece. The starting speed was 200 m/min that reduced up to
150 m/min. During the machining time of 320 s, flank wear was measured at regular
intervals with the aid of tool maker’s microscope. Figure 5.12 shows the flank wear of
both front and the rear cutting tools. It was observed that flank wear of the rear cutting
tool was less due to the heat generated by the front cutting tool and reduced
coefficient of friction. The presence of elements such as manganese (Mn) and sulphur
(S) forms manganese sulphide (MnS) in the work material. It is well known that MnS
is a good lubricant. At higher temperature the effectiveness of the lubricant increases.
Whereas the rear cutting tool experiences a lesser abrasive flank wear as it is
subjected to higher temperatures than the front cutting tool. Heck et al. (2008)
reported the self-lubricating behaviour of MnS inclusion while machining cast iron.
These MnS inclusions are accumulated on the cutting tool tip and provide an effective

lubrication at tool-chip interface.
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Figure 5.12. Measured flank wear of front and rear cutting tools (0.24 mm/rev feed,
1 mm depth of cut and cutting speed 150-200 m/min)

Additionally the MnS inclusions also act as diffusion barrier in reducing the
tool wear. It was investigated in this work that the equivalent coefficient of friction
for the rear cutting tool and front cutting tool was 0.6 and 0.8, respectively (see
Section 4.3.1). Pereira et al. (2006) revealed that the presence of MnS inclusion in
grey cast iron reduced the coefficient of friction at the tool chip interface by 5 times.
The presence of graphite flakes in grey cast iron also reduces the friction coefficient.
The rear cutting tool experienced a lesser flank wear due to reduced equivalent
coefficient of friction. To understand further, the cutting tool insert was observed
under the scanning electron microscope after 320 s of machining. Figure 5.13 (a) and
(b) shows the flank wear of the front cutting tool. Abrasive wear was identified as the
dominant mode. Abrasive marks in the direction of workpiece rotation were observed
with no traces of adhesive or diffusion wear. The manganese additions apart from
forming manganese sulphide (MnS) if present in excess will result in the formation of
hard brittle intermetallic second phase iron carbide. Moreover, cast iron also contains
silicon and other hard elements. Generally, the outer surface of casting is hard. During
lower cutting speed the temperature generation in the cutting zone is less and there is
no much softening. All this contributes to abrasion wear of the front tool. Figure 5.13
(c) and (d) shows the flank wear of the rear cutting tool, where the adhesive and

diffusion marks were distinctly observed. Machining by the leading front cutting tool
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raises the workpiece temperature. This temperature rise promotes diffusion wear

while reducing abrasion wear.
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Figure 5.13. Flank wear (a) Of front cutting tool at 150X magnification (0.24
mm/rev feed and 1 mm depth of cut) (b) Of front cutting tool at 500X magnification
(0.24 mm/rev feed and 1 mm depth of cut) (c) Of rear cutting tool at 150X
magnification (0.24 mm/rev feed and 1 mm depth of cut) and (d) Of rear cutting tool
at 500X magnification (0.24 mm/rev feed and 1 mm depth of cut)

5.3.5 Chip Morphology

In the present investigation, due to the distance between the two cutting tools the
chips produced by the individual tools do not interfere with each other. The chips
were carefully collected from the machining experiments and observed under
scanning electron microscope to understand the mechanism of material removal in
double tool turning. Figure 5.14 (a) and (b) shows the back surface of the chips
generated from the front and rear cutting tool. Back surface experiences higher
contact pressure and frictional force due to the motion of the chip along the rake face
of the tool. Due to this phenomenon apart from cracks, streaks were also formed. It

was observed for the chips generated from both front and rear cutting tools.
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Figure 5.14. Back surface of the generated chip (a) From the front cutting tool (0.24
mm/rev feed and 1 mm depth of cut) and (b) From the rear cutting tool (0.24 mm/rev
feed and 1 mm depth of cut)
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Figure 5.15. Free surface of the generated chip (a) From the front cutting tool (0.24
mm/rev feed and 1 mm depth of cut) and (b) From the rear cutting tool (0.24 mm/rev
feed and 1 mm depth of cut)
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Figure 5.16. Chip segmentation formation generated (a) From the front cutting tool
(0.24 mm/rev feed and 1 mm depth of cut) and (b) From the rear cutting tool (0.24
mm/rev feed and 1 mm depth of cut)
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In addition to cracks and streaks, micro pores were also seen on the back
surface of chips generated from the rear cutting tool due to the prior heat of the
workpiece. Higher cutting speed caused higher sliding velocity that contributed to the
softening and partial melting of material and resulted in the formation of micro pores.
Katuku et al. (2009) and Farhat (2003) also observed micro pores along with streaks
at higher cutting speed and only streaks at lower cutting speed. Nodular, lamella and
loose structure of chip segments were observed on the free surface of the chips
generated from both the front and rear cutting tools (Figure 5.15 (a) and (b)). These
lamellas, are normal to the direction of chip flow and extend across the width of the
chips. Presence of lamella structure on the free surface of the chips is an evidence of
shear localisation. It is evident that machining of brittle materials like grey cast iron
produces discontinuous chips in the form of small segments as marked in Figure 5.15
(a).The free surface of the chips were further investigated; chips generated from the
front cutting tool exhibited only fracture (Figure 5.16 (a)) where no traces of the
thermal effect was observed. However, chips generated from the rear cutting tool
(Figure 5.16 (b)) exhibited fracture as well as curling of the segmented chip. In spite
of lower cutting speed, the feed (0.24 mm/rev) used in this investigation resulted in
the segmental chip formation. It is also likely that machining by rear tool also caused

some thermal softening.

The thermal softening happens due to recovery and recrystallization of the
material in the shear zone. The chips produced due to the rear cutting tool experienced
higher temperature compared with that of front cutting tool. It can be noted from the
work of Dearnley (1985) that thermal softening at the secondary shear zone took
place while machining spheroidal cast iron with coated tool at a cutting speed of 200
m/min. During machining, work material deforms at the higher strain rate which
causes work hardening. At elevated temperature, strain rate sensitivity of the work
material decreases that causes a reduction in the part of the fracture in segment
formation. Shashikant et al. (2013) also observed that at room temperature fracture
was visible in the form of a crack and propagated over the entire chip thickness. At
100 °C, chip segments were formed by the combination of thermal softening and

fracture. At 260 °C and 350 °C, segments were formed only by thermal softening.
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5.4

Conclusion

This chapter presents the investigation of the diametral error of cylindrical work

piece, cutting tool wear and chip morphology when two single point cutting tools

simultaneously turned the workpiece. Following are the major conclusions:

R/
L X4
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The diametral error of a machined workpiece was the maximum at the
tailstock end and the minimum at the chuck end. This is due to the higher
workpiece deflection caused by the cutting forces at the tailstock end.

The additional cutting tool at the rear side not only removed more material but
also acted as a follower rest. The rear cutting tool followed the front cutting
tool at a distance of 10 mm and reduced the workpiece deflection by 80% due
to the resistance offered by rear tool cutting forces.

A simple strength of material approach was employed to support the trend of
experimentally obtained diametral error of the workpiece. It was found that
higher depth of cut leads to higher diametral error.

Wear of front cutting tool exhibited predominant abrasive marks and very less
adhesive and diffusion wear. However, rear cutting tool in the double tool
turning exhibited predominant adhesive and diffusion wear.

Chips generated from the front cutting tool did not show any thermal effect;
however, chips produced from the rear cutting tool exhibited curling of chip

segments which may be due to thermal softening and fracture.
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Chapter 6

The Influence of Machining Parameters on Surface
Roughness in Double Tool Turning Process

6.1 Introduction

Surface roughness is an important factor that determines the quality of a machined
surface. It depends on many parameters such as cutting condition, machine tool
vibration, cutting tool and work holding devices. The cutting speed, feed and depth of
cut has a major influence on the surface roughness of the finished component. A lot of
research work has been directed towards improving the surface quality of the
machined component. The researchers used soft computing approaches comprising
neural network, fuzzy logic and genetic algorithms either individually or in
combination. The corresponding studies on double tool turning are not available.
From the literature survey, it was recognized that no work has been performed to
understand about the effect of machining parameters on surface roughness in double
tool turning process, although a lot of work has been carried out on conventional
turning process. Present research work attempts to shed light on the influence of
cutting speed, feed, depth of cut and tool separation distance on the surface roughness
during double tool turning process. It also compares the average surface roughness

generated by double tool turning process with conventional turning process.
6.2 Experimental Procedure

The cutting conditions employed in metal cutting experiments are specified. Cutting
speed, feed and depth of cut are the common machining parameters in a conventional
turning process. Besides this, tool separation distance also forms an additional cutting
parameter in double tool turning process. In the present research work, the surface
roughness was evaluated for grey cast iron and AISI 1050 steel work materials while
turning with TiN coated carbide tool. The details of experiments are given in Chapter

3. The cutting conditions are listed in Table 6.1. The upper limit values of the cutting
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parameters are chosen based on the compliance of the machine tool and the rigidity of

rear tool fixture.

Table 6.1. Values of cutting parameters

Cutting speed (m/min) 75, 100, 125,150, 175, 200, 225 and 250
Feed (mm/rev) 0.04, 0.08, 0.12, 0.16, 0.20 and 0.24
Depth of cut (mm) 0.25,0.5,0.75and 1.0

Tool separation distance (mm) | 0, 2, 4, 6, 8 and 10

The surface roughness was measured by Pocket Surf (Make: Mahr GMBH).
The evaluation length was taken as 2.4 mm with cut off length as 0.8 mm. The surface
roughness was measured at three different locations and the average was taken.
Additionally 3D profilometer (Make: Taylor Hobson) was also used for surface
roughness measurement. The scanned area for 3D surface roughness measurement is
0.8 mm X 0.8 mm. The cutting temperature was measured using an infrared camera
(Make: Infratec varioCAM hr head).

6.3 Results and Discussion

In machining, the quality of the machined surface is mainly determined by its surface
roughness. Double tool turning of AISI 1050 steel and grey cast iron was investigated.
In this study, the effect of cutting speed, feed, depth of cut and tool separation

distances on surface roughness was studied.
6.3.1 Effect of Cutting Speed on Surface Roughness

The effect of cutting speed on surface roughness was carried out on AISI 1050 steel
and grey cast iron work materials. Figure 6.1 reveals the variation of average surface
roughness with the increase in cutting speed for various feeds of AISI 1050 steel work
material. The cutting speed is increased from 75 m/min to 250 m/min in the
increments of 25 m/min. The feed is varied from 0.04 mm/rev to 0.24 mm/rev in the
increments of 0.04 mm/rev. A depth of cut of 1 mm for each cutting tool and a tool
separation distance of 2 mm was maintained for all the cutting conditions. The surface

roughness decreased with the increase in cutting speed. When the cutting speed is
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increased from 75 m/min to 250 m/min the surface roughness decreased in the range
of 33% to 51% for the various feeds ranging between 0.04 mm/rev and 0.24 mm/rev.
Sahin and Motorcu (2005) asserted 20% reduction in the average surface roughness,
when the cutting speed was increased from 181 m/min to 240 m/min while turning
AISI 1040 steel with a coated carbide tool. At lower cutting speed the built up edge is

formed and the material fails due to tensile rupture.
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e 0.12

" 0.04 4.5 4
4 0.2

I = 0.16
e 0.08
A 024

Surface roughness (jum)
Surface reoughness (um)
w

0 25 50 75 100 125 150 175 200 225 250 275 o ok b s MO HdS A0 75T 000 1205 DAY O78

Cutting speed (m/min) Cutting speed (m/min)

Figure 6.1. Variation of surface roughness with cutting speed for AISI 1050 steel for
1 mm depth of cut and 2 mm tool separation distance (a) For feeds of 0.04, 0.12 and
0.20 mm/rev (b) For feeds of 0.08, 0.16 and 0.24 mm/rev

Previous research works of Philip (1971) and Selvam and Radhakrishnan
(1974) unveiled the existence of the built up edge while machining plain carbon steel
using a carbide tool and high speed steel tool at cutting speeds of 70 m/min and 40
m/min respectively. The built up edge causes the side flow of the work material over
the machined surface. The side flow and the built up edge increased the surface
roughness along the cutting direction and feed direction respectively. The increase in
the size of built up edge results in the increase of side flow. It gives rise to a triangular
uncut region of work material adhering to the machined surface; this is called as
spanzipfel. Selvam and Radhakrishnan (1973) observed spanzipfel, while machining a
plain carbon steel with a high speed steel tool in the cutting speed domain of 6 m/min
to 50 m/min. Spanzipfel, side flow and built up edge contributes to higher surface
roughness. It is seen that a higher average surface roughness of 4.5 um is obtained at
a lower cutting speed of 75 m/min with a feed of 0.24 mm/rev. When the cutting
speed is increased the built up edge formation retards, and at higher cutting speed it
ceases to exist. A surface roughness of 2.54 um was obtained at a higher cutting speed
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of 250 m/min with 0.24 mm/rev feed. Thus the average surface roughness was less at
higher cutting speed and more at lower cutting speed. Thomas et al. (1996) observed a
13% reduction in surface roughness when the cutting speed was increased from 160
m/min to 265 m/min while dry turning mild carbon steel with a carbide cutting tool.
Lalwani et al. (2008) noted that when the cutting speed was increased from 55 m/min
to 93 m/min the surface roughness was lowered by 11%, while turning maraging steel

with a coated ceramic insert.
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Figure 6.2. Variation of surface roughness with cutting speed for grey cast iron for 1
mm depth of cut and 2 mm tool separation distance (a) For feeds of 0.04, 0.12 and
0.20 mm/rev (b) For feeds of 0.08, 0.16 and 0.24 mm/rev
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Figure 6.2 represents the variation of average surface roughness with the
change in cutting speed for various feeds of grey cast iron work material. A depth of
cut of 1 mm was given individually to the front cutting tool and rear cutting tool. The
tool separation distance was kept as 2 mm. With the increase in cutting speed the
average surface roughness decreased. It decreased in the range of 25% to 47% when
the cutting speed increased from 75 m/min to 250 m/min for the various feeds ranging
between 0.04 and 0.24 mm/rev. Yigit (2008) revealed 19% reduction in average
surface roughness, when the cutting speed was increased from 150 m/min to 200
m/min while turning nodular cast iron with a coated carbide tool. In this investigation
an average surface roughness of 1.75 pum was achieved for grey cast iron when
compared to an average surface roughness of 3.75 pum for AISI 1050 steel. This is for
75 m/min cutting speed, 0.04 mm/rev feed, 1 mm depth of cut for each cutting tool
and 2 mm tool separation distance. The average surface roughness stabilizes for the
cutting speeds ranging between 200 m/min to 250 m/min for all the feeds, except for
0.24 mm/rev feed. A reduction of 14% to 17% in average surface roughness was
obtained when the cutting speed is increased from 200 m/min to 250 m/min, for the
feed ranges of 0.16 mm/rev to 0.24 mm/rev. Whereas for the lower feeds ranging
from 0.04 mm/rev to 0.12 mm/rev a reduction not more than 7% in average surface
roughness was attained. Due to the rigidity constrain of the rear tool holding fixture,
further increase in cutting speed beyond 250 m/min is insurmountable. Nevertheless,
surface finish of grey cast iron workpiece is found to be superior to AISI 1050 steel,
especially at higher cutting speeds. This might be due to the brittle discontinuous chip

formation and good vibration damping capacity of grey cast iron.

Additionally higher cutting speeds results in higher cutting temperature which
in turn favours lower surface roughness. The shear yield strength of the work material
is lowered at elevated temperatures, which in turn reduces the cutting forces. It was
already mentioned in Section 4.3.1 of Chapter 4 that reduced cutting forces are
obtained when the cutting speed is increased from 75 m/min to 185 m/min while
turning grey cast iron with coated carbide tool. Figure 6.3 and Figure 6.4 shows the
thermographic image demonstrating the temperature distribution in AISI 1050 steel
and grey cast iron work materials under similar machining conditions. It is noticed,

that the cutting zone temperature of the grey cast iron workpiece is lesser by 20 °C on
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comparison with the cutting zone temperatures of AISI 1050 workpiece. This
difference may be due to the presence of free graphite in grey cast iron which

provides both lubrication and cooling.

Figure 6.3. Thermogram of AISI 1050 steel (75 m/min cutting speed, 0.04 mm/rev
feed, 1 mm depth of cut and 2 mm tool separation distance)

Figure 6.4. Thermogram of grey cast iron (75 m/min cutting speed, 0.04 mm/rev
feed, 1 mm depth of cut and 2 mm tool separation distance)
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The thermogram (Figure 6.4) displays the brittle chips flowing away from the
cutting zone causing lesser heat generation in the secondary deformation zone. The
details of brittle chip morphology of grey cast iron are mentioned in Section 5.3.5 of
Chapter 5. The chips exhibited fracture and no thermal effect was observed. On the
other hand for AISI 1050 steel workpiece material, the continuous chips are produced
which in turn generate more heat due to sliding of chips over the rake face of the
cutting tool. Unlike the front cutting tool as the rear cutting tool is inverted, its cutting
zone is only partially visible. Apart from this, the cutting tool vibration also plays a
significant role in determining the average surface roughness of the machined work
piece. Increase in cutting speed results in decreased tool vibration. It was already
reported in Section 4.5 of Chapter 4 that when the cutting speed is increased from 75
m/min to 185 m/min the amplitude of tool vibration along the cutting direction is
reduced. This in turn reduces the surface roughness, thereby improving the surface
finish and stability of the double tool turning process. Dimla (2004) also observed a
reduction in amplitude of cutting tool vibration when the cutting speed was increased
from 100 m/min to 300 m/min while machining steel with a carbide tool. Thus it can
be summarised that the double tool turning process resembles conventional turning
process where the surface roughness decreased with the increase in cutting speed and
increased with the decrease in cutting speed.

6.3.2 Effect of Feed on Surface Roughness

The variation of surface roughness with the change in feed for various cutting speeds
for AISI 1050 steel is expressed in the Figure 6.5. The depth of cut and tool separation
distance has already been mentioned in Section 6.3.1. The average surface roughness
initially decreased when the feed is increased from 0.04 mm/rev to 0.12 mm/rev. Then
it increased on further increase of feed from 0.12 mm/rev to 0.24 mm/rev. This
phenomenon is prominently noticed at lower cutting speeds of 75 m/min and 100
m/min. For these low cutting speeds the average surface roughness decreased by 32%
and 29% when the feed was increased from 0.04 mm/rev to 0.12 mm/rev. Further
increase of feed from 0.12 mm/rev to 0.24 mm/rev increased the average surface
roughness by 76% and 84% respectively. Initially at lesser feed, the material removal

takes place by ploughing action leading to higher average surface roughness in case of
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ductile materials like steel. On increasing the feed from 0.04 mm/rev to 0.12 mm/rev
material is removed by shearing action, thereby reducing the average surface
roughness. The burnishing action of the cutting tool over the workpiece might also
lead to decreased average surface roughness. Thereafter an increased average surface

roughness is obtained up to 0.24 mm/rev feed.
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Figure 6.5. Variation of surface roughness with feed for AISI 1050 steel for 1 mm
depth of cut and 2 mm tool separation distance (a) For the cutting speeds ranging
from 75 to 225 m/min (b) For the cutting speeds ranging from 100 to 250 m/min

Risbood et al. (2003) observed a similar trend for mild steel; the average
surface roughness got minimised by 68% when the feed was increased from 0.05
mm/rev to 0.14 mm/rev and on further increase of feed to 0.36 mm/rev the average
surface roughness increased. Gokkaya and Nalbant (2007) observed an increase of
surface roughness from 1.616 um to 6.833 pum when the feed was increased from 0.15
mm/rev to 0.35 mm/rev while turning AISI 1030 steel with coated carbide tool.
Higher rate of deformation of the work material and cutting edge feed marks are the
reasons behind higher surface roughness at higher feed. It is noteworthy to mention
here that cutting edge feed marks depends on the nose radius of the cutting tool also,

which is 0.8 mm in the present investigation. The feed marks for three different feeds
84

TH-1624_10610326



of AISI 1050 steel are unfolded in Figure 6.6, Figure 6.7 and Figure 6.8. It can be
seen that the average surface roughness is lower at a feed of 0.12 mm/rev when
compared to 0.04 mm/rev and 0.24 mm/rev. The three dimensional topographies
reveal the peak to valley height of the scanned areas for various feed. This gives an
apprehension of the maximum surface roughness of the machined surface. The Table
6.2 provides the peak to valley height and average surface roughness at different feeds
of AISI 1050 steel work material. The machining parameters are 75 m/min cutting
speed, 1 mm depth of cut for both front cutting tool and rear cutting tool and 2 mm

tool separation distance.
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Figure 6.6. Three dimensional topography of AISI 1050 steel at 0.04 mm/rev feed
(75 m/min cutting speed, 1 mm depth of cut 2 mm tool separation distance)

It was identified that the peak to valley height decreased by 37% when the
feed increased from 0.04 mm/rev to 0.12 mm/rev. For further increase of feed to 0.24
mm/rev, it increased by 89%. It can be envisaged that for the same cutting conditions
the average surface roughness decreased by 32% and then increased by 76%. The
three dimensional surface roughness profile of Figure 6.6 has a predominance of
green colour. This shows that the existing grooves are of uniform depth. It can also be

noted that the waviness of the surface is minimal.
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Table 6.2. Variation of peak to valley height and average surface roughness with feed
for AISI 1050 steel

Feed (mm/rev) Peak to valley height Average surface roughness
Rmax (ULM) Ra (UM)
0.04 19.8 3.75
0.12 12.5 2.55
0.24 23.6 4.5
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Figure 6.7. Three dimensional topography of AISI 1050 steel at 0.12 mm/rev feed
(75 m/min cutting speed, 1 mm depth of cut 2 mm tool separation distance)

In Figure 6.7, substantial amount of blue region is present along with slight
red and green regions. The blue region represents a minimum height of peak to valley,
hence the surface roughness is lesser at this feed. In the Figure 6.8 apart from the
grooves along the cutting direction, some micro grooves are also observed along the
direction perpendicular to it. It is due to the ploughing action of the cutting tool. This
deteriorates the surface finish resulting in higher surface roughness. Apart from this,
pertinent red region showing the maximum peak to valley height also exists. Hence
the average surface roughness is maximum at higher feed. It is to be noted that the

lowest and highest average surface roughness value of 1.32 um and 4.5 um for AISI
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1050 steel is obtained at cutting speed of 250 m/min and 75 m/min for the feeds of

0.12 mm/rev and 0.24 mm/rev respectively.

Figure 6.8. Three dimensional topography of AISI 1050 steel at 0.24 mm/rev feed
(75 m/min cutting speed, 1 mm depth of cut 2 mm tool separation distance)
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Figure 6.9. Variation of surface roughness with feed for grey cast iron for 1 mm
depth of cut and 2 mm tool separation distance (a) For cutting speed ranging from 75
m/min to 225 m/min (b) For cutting speed ranging from 100 to 250 m/min
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Figure 6.9 (a) and (b) exhibits the variation of surface roughness of grey cast
iron with the change in feed for various cutting speeds. Previous researchers had
suggested an increase of surface roughness with the increase in feed (Ramesh et al.,
2012; Upadhyay et al., 2013). It is seen that the average surface roughness increased
from 1.40 um to 2.87 um with the increase in feed from 0.04 mm/rev to 0.24 mm/rev
for the investigated cutting speeds. This coincides with the results of Gunay and
Yucel (2013), it was observed that the surface roughness increased by 42% when the
feed was increased from 0.05 mm/rev to 0.1 mm/rev while turning white cast iron
with a ceramic tool. In the current investigation the lowest and highest surface
roughness value of 1.06 um and 3.5 um was obtained for a feed of 0.04 mm/rev and
0.24 mm/rev at a cutting speed of 250 m/min and 75 m/min respectively. At this
juncture it can be well emphasized that combination of low feed with high cutting
speed will produce lower surface roughness for grey cast iron and vice versa. On
similar lines the work of Xavior and Adhithan (2009) revealed that the surface
roughness increased from 1.91 um to 2.68 pum when the feed was increased from 0.2
mm/rev to 0.28 mm/rev, while turning austenitic steel with carbide tool using
different cutting fluids. It is to be noted that in the present work, feed of both the front
and rear cutting tools are equal as both are mounted on the same carriage. Thus the
investigation reveals that for grey cast iron the average surface roughness increases
with the increase in feed. However AISI 1050 steel the average surface roughness
decreases when the feed was increased from 0.04 mm/rev to 0.12 mm/rev and on
further increase of feed from 0.12 mm/rev to 0.24 mm/rev the average surface

roughness increased.

6.3.3 Effect of Depth of Cut and Tool Separation Distance on
Surface Roughness

Figure 6.10 depicts the influence of depths of cut on surface roughness for AISI 1050
steel when the depth of cut is increased from 0.25 mm to 1.5 mm in the increments of
0.25 mm. A cutting speed of 125 m/min and a tool separation distance of 2 mm is
maintained constant for all the cutting conditions. The feed is changed from 0.04
mm/rev to 0.24 mm/rev in the increments of 0.04 mm/rev. It is seen that the average
surface roughness increased with the increase in depths of cut. It can be observed that

when the depth of cut is increased from 0.25 mm to 1.5 mm the average surface
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roughness increased in the range of 20% to 50% for the different feeds ranging from

0.04 mm/rev to 0.24 mm/rev.
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Figure 6.10. Variation of surface roughness with depth of cut for AISI 1050 steel
(125 m/min cutting speed and 2 mm tool separation distance)

Due to the increase in depths of cut the cutting forces and amplitude of cutting
tool vibration increases, which in turn increase the average surface roughness. Davim
et al. (2008) found while turning free machining steel with cemented carbide tool that
the average surface roughness increased from 1.17 um to 1.23 um when the depth of
cut is increased from 0.5 mm to 1 mm. Similarly Chelladurai et al. (2008) reported an
increase in amplitude of cutting tool vibration when the depth of cut was increased

from 3 mm to 5 mm while turning steel with a carbide tool.

Figure 6.11 demonstrates the effects of depths of cut on surface roughness for
grey cast iron. The values of cutting speed and tool separation distance is taken as 125
m/min and 2 mm respectively. With the increase in depth of cut the average surface
roughness increased for higher feeds from 0.12 mm/rev to 0.24 mm/rev, but in case of
lower feeds of 0.04 mm/rev and 0.08 mm/rev it remains almost constant. It can seen
that when the depth of cut is increased from 0.25 mm to 1.5 mm the average surface
roughness increased in the range of 31% to 39% for the feed ranging from 0.12

mm/rev to 0.24 mm/rev.
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Figure 6.11. Variation of surface roughness with depth of cut for grey cast iron (125
m/min cutting speed and 2 mm tool separation distance)

From the work of Akdemir et al. (2012), it was ascertained that 33% increase
in average surface roughness was obtained when the depth of cut was increased from
1 mm to 2 mm while turning austempered ductile iron with a carbide insert. The
increased cutting forces due to the increase in depths of cut will increase the average
surface roughness. It has been previously reported in Section 5.3.1 of Chapter 5 that
the cutting forces of the front and rear cutting tools increased by 30% and 23%
respectively, when the depth of cut was increased from 1 mm to 1.5 mm while turning
grey cast iron with coated carbide tool. When the tool separation distance was varied
from 0 mm to 10 mm in the increments of 2 mm the surface roughness remains almost
constant for both the work materials as shown in Figure 6.12. The effect of process
parameters in double tool turning process shows a similar trend like conventional
turning process. The average value of surface roughness is 2.22 pum for AISI 1050
steel for 125 m/min cutting speed, 0.12 mm/rev feed, 1 mm depth of cut and with a
tool separation distance of 2 mm. For the same cutting conditions for grey cast iron
the average surface roughness value is 2.4 um. The deviation of minimum and
maximum values for the average surface roughness values for AISI 1050 steel is 10%

and 6%. In case of grey cast iron it is 8% and 5%. For all the investigated cutting
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conditions the tool separation distance does not have much influence on the average

surface roughness of both AISI 1050 and grey cast iron work materials.

2 -
- m AISI 1050 Steel
=
g, 1.75 - a Grey cast iron
S
E
215 4 T
= T 1
g T~ | I
= | | L
g 1.25
)
1 L] L] L] L] L)
0 2 4 6 8 10

Tool separation distance (mm)

Figure 6.12. Variation of surface roughness with tool separation distance for AISI
1050 steel and grey cast iron (200 m/min cutting speed, 0.12 mm/rev feed and 1 mm
depth of cut)

6.3.4 Comparison of Surface Roughness Between Double Tool
Turning Process and Conventional Turning Process

The average surface roughness produced during double tool turning and conventional
turning processes for different cutting conditions for AISI 1050 steel and grey cast
iron work materials are shown in Table 6.3 and Table 6.4, respectively. The tool
separation distance was kept as 2 mm in double tool turning. The depths of cut of 1
mm and 2 mm were given for conventional turning process while 1 mm depth of cut
was given to each tool in double tool turning process. The average surface roughness
was measured in these cutting conditions and compared. From the Table 6.3 it is
noted that for AISI 1050 steel, the surface roughness reduced in double tool turning
process in the range of 13% to 20% for 2 mm depth of cut. In case of double tool
turning process, the depth of cut of 2 mm is shared equally between the front
cutting tool and rear cutting tool. Therefore, the individual depth of cut of front
cutting tool and rear cutting tool are 1 mm. Double tool turning with 1 mm depth of
cut for each tool was compared with conventional turning with 1 mm depth of cut. In

this case also the surface roughness reduced from 4% to 14% for double tool
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turning on comparison with conventional turning process. From the Table 6.4 it is

observed that for grey cast iron the surface roughness reduced in double tool

turning process in the ranges of 13%-18% and 6%-14% as compared to

conventional turning for 2 mm and 1 mm depths of cut, respectively. Overall, the

average surface roughness was lower in double tool turning process compared to

conventional turning process for both the AISI 1050 steel and grey cast iron.

Table 6.3. Average surface roughness of double tool turning and conventional turning

process for AISI 1050 steel

TH-1624_10610326

Average surface roughness (um)
Cutting parameters
Double tool turning Conventional turning
il;t;érég Feed 2 mm depth of cut 1 mm 2 mm
(m/min) (mm/rev) | (1 mm for each tool) depth of cut depth of cut
100 0.12 2.35 2.54 2.75
100 0.24 4.32 4.52 4.98
150 0.12 2.10 2.28 2.52
150 0.24 3.38 3.70 3.90
200 0.12 1.52 1.74 1.84
200 0.24 3.00 3.16 3.54
250 0.12 1.32 1.44 1.65
250 0.24 2.54 2.96 3.12
92




Table 6.4. Average surface roughness of double tool turning and conventional turning
process for grey cast iron

Average surface roughness (um)
Cutting parameters
Double tool turning Conventional turning
C;l;g(ler(ljg Feed 2 mm depth of cut 1 mm 2 mm
(m/min) (mm/rev) | (1 mm for each tool) depth of cut depth of cut
100 0.12 2.45 2.60 2.86
100 0.24 3.30 3.80 3.92
150 0.12 2.22 2.58 2.64
150 0.24 3.10 3.44 3.66
200 0.12 1.32 1.46 1.60
200 0.24 2.62 2.96 3.12
250 0.12 1.24 1.32 1.42
250 0.24 2.16 2.46 2.64

In double tool turning process the radial cutting force of the front and rear
cutting tools get cancelled as they act in opposite direction to each other. The cutting
tools also act as follower rest to one another. This increases the rigidity of the work
piece. The depth of cut given to a single cutting tool in conventional turning is divided
equally between two cutting tools in double tool turning. This results in decreased
cutting forces causing lesser deflection of the workpiece. Thereby it improves both
the surface finish and accuracy of the machined surface. It was mentioned in Section
5.3 of Chapter 5 that the workpiece deflection got lowered by 80% while double tool
turning of grey cast iron with coated carbide cutting tool at 116 m/min cutting speed,
0.24 mm/rev feed and 1 mm depth of cut. Hence it can be concluded that the surface
finish obtained in double tool turning process is superior when compared to

conventional turning process.

6.4 Cost Comparison of Single and Double Tool Turning
Process
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Preceding discussion has ascertained that for same depth of cut for each tool and the
same other process conditions, the surface roughness in double tool turning is lesser
than that in single tool turning. It can be safely assumed that the tool life in both the
process remains same; although it is expected to be lesser in double tool turning. This
is because, double tool turning encounters lesser vibration and forces due to
supporting action of the opposite tool. The operating cost per hour can be assumed
same in both the process. Operating cost includes depreciation cost of the machine
tool, labour cost, electricity cost and overheads. Compared to the cost the lathe,
additional fixture cost in double tool turning is very small. Hence, the depreciation
cost can be assumed same. Similarly, other costs can also be assumed same for both

the processes.
Considering this,
C,=C,T,+CF, (6.1)

where C, is the production cost per piece, Co is the operating cost per unit time, Ty, is
the time of production per piece, C; is the tool cost and F; is the fraction of tool
consumed in making one piece. As discussed earlier, Cy, C; and F; can be assumed
equal in double tool turning and conventional single tool turning. It is the T, that
differentiates the production cost in the two cases. In single tool turning, the same
depth of cut has to be achieved in two passes. Hence, T, is twice of that in double tool
turning. If the double tool turning takes x minutes to produce a piece, the single tool
turning will require 2x minutes. Hence, saving in cost in double tool turning will be

Cox. The percentage saving in cost is expressed as

C,X

%saving in cost = X
2C,x+CF,

100. (6.2)
An example: For the typical lathe machine in a workshop, operating cost Cq is $12
per hour ($0.2 per minute). Tool cost C; is $2. Taking the total time to produce a
component, X, as 3 minutes, out of which 2 minute is the time of actual machining.
Typical tool life is 30 minutes. Hence, a tool can produce 15 components in its life-
time. Hence, F=1/15=0.067. Putting this values in Eq. (6.2), % saving in cost comes
out to be 45%, which is a significant saving.
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6.5

Conclusion

In this work, the effect of process parameters like cutting speed, feed, depth of cut and

tool separation distance on surface roughness in double tool turning process were

studied and the following conclusion are arrived:

++ Double tool turning process produced a superior surface finish for both AISI

X/
L X4

X/
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1050 steel and grey cast iron work materials for the range of investigated
cutting conditions, apart from improving productivity of the process. On
comparison with conventional turning process, a lowered average surface
roughness for AISI 1050 steel and grey cast iron work materials was
obtained in double tool turning process.

The average surface roughness decreased with the increase in cutting speed
for both AISI 1050 steel and grey cast iron work material for the range of
explored cutting conditions. The average surface roughness was lower at
higher cutting speed and higher at lower cutting speed. This behaviour was
identical to conventional turning process.

With the increase in feed the average surface roughness increased under all
the studied cutting conditions for grey cast iron. In case of AISI 1050 steel
the average surface roughness initially decreased from 0.04 mm/rev feed till
0.12 mm/rev feed. On further increasing the feed from 0.12 mm/rev the
average surface roughness increased till 0.24 mm/rev feed.

The average surface roughness increased with the increase in depth of cut
for AISI 1050 steel for all the chosen cutting conditions. For grey cast
iron the same phenomenon is observed for feeds above 0.08 mm/rev. At
lower feeds of 0.04 mm/rev and 0.08 mm/rev the average surface roughness

remained almost constant with the increase in depth of cut.

For all the investigated cutting conditions the tool separation distance did not
have much effect on the average surface roughness of both AISI 1050 steel
and grey cast iron work materials.

Double tool turning is advantages as it leads to reduction in machining cost.
Fora particular cutting condition, 45% savings in cost is obtained in double

tool turning process compared to single tool turning process.
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Chapter 7

Conclusions and Scope for Future Work

7.1 Conclusions

In this thesis, experimental investigation was carried out on the double tool turning
process. The main cutting parameters in double tool turning process are cutting speed,
feed, depth of cut and distances between the two cutting tools. The effect of these
cutting parameters on cutting forces, cutting temperature, cutting tool vibration,
diametral error, cutting tool wear and surface roughness were studied. An analytical
model was developed to estimate the cutting forces and cutting temperature for single
tool turning process. The experimental results were matched with the analytically
predicted cutting force and cutting temperature for single tool turning process. The
chip characteristics and cutting tool wear of both front cutting tool and rear cutting
tools were investigated. The effect of cutting conditions on the surface roughness of
the machined workpiece was studied. A comparison was drawn between the surface
finish generated by single tool turning process and double tool turning process. The

main conclusions from the thesis are presented in the following subsections.

7.1.1 Effect of Cutting Parameters on Cutting Forces, Cutting
Temperature and Cutting Tool Vibration

% The cutting force and feed force was found to be lower for the rear cutting tool
while machining grey cast iron, compared to front cutting tool for 75 m/min
cutting speed, 0.08 mm/rev feed, 2 mm distance between the cutting tools and
for depths of cut ranging from 0.25 mm to 1 mm. The coefficient of friction of
the rear cutting tool is reduced due to the cleansing effect of the front cutting
tool. This is attributed for the reduced cutting forces of the rear cutting tool.

K/
L X4

The distance between the cutting tools did not affect the cutting force and feed
force significantly for both and front and rear cutting tools while machining

grey cast iron. Similarly the cutting temperatures were not influenced
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significantly when the distances between the front cutting tool and rear cutting
tools was varied in the range of 2 mm to 8 mm. The workpiece temperature
increased marginally from 60 °C to 80 °C when the cutting speed was
increased from 75 m/min to 185 m/min. As the temperature rise is not high the
work material properties did not vary.

An analytical model was developed for single tool turning to predict the
cutting forces and cutting temperature for mild steel work material.
Experiments were also performed for single tool turning process. The
analytical model provided theoretical explanation for the experimentally
obtained cutting forces and cutting temperatures. An error ranging between
10% to 16% for cutting force and 4% to 13% for feed force was observed
between experimental and the developed analytical model.

The influence of cutting speed on cutting tool vibration was evaluated while
double tool turning of grey cast iron workpiece. It was observed that the
cutting tool vibration of both the front cutting tool and rear cutting decreased
with the increase in cutting speed. The rear cutting tool vibration was found to
be lesser than the front cutting tool vibration for the chosen cutting conditions.
The rear cutting tool was mounted over the fixture made out of cast iron and
the front cutting tool was mounted over the fixture made out of steel. The good
vibration damping property of cast iron causes lesser rear tool vibration.

Influence of Cutting Parameters on Diametral Error, Tool
Wear and Chip Morphology

In double tool turning process, the rear cutting tool provided additional
support to the workpiece and also removed the work material. It acted like a
follower rest. Due to this the workpiece deflection got reduced by 80 %, which
led to reduced diametral error and improved machining accuracy.

The workpiece diametral error was found to be the maximum at the tailstock
due to its lesser rigidity and the minimum at the headstock because of higher
rigidity.

The radial deflection of the workpiece was predicted by using a simple
strength of material theory, for both single and double tool turning process. It
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was observed that higher depth of cut generated higher cutting force which in
turn led to higher diametral error.

The rear cutting tool was found to have a lesser flank wear compared to front
cutting tool for the considered cutting conditions. Abrasive wear was
predominant for the front cutting tool whereas for the rear cutting tool
adhesive and diffusion wear were predominant.

During the double tool turning there was a noticeable difference between the
chips generated by the front cutting tool and the rear cutting tools. More
curling of chip segments were observed for the chips produced by rear cutting
tool. It was due to thermal softening and fracture. However, the chips

generated by the front cutting tool did not exhibit any thermal effect.

Effect of Cutting Parameters on Surface Roughness in Double
Tool Turning Process

The average surface roughness decreased with the increase in cutting speed for
the selected cutting conditions. The surface roughness increased with the
decrease in cutting speed. This was applicable to both grey cast iron and AlSI
1050 work materials. This behaviour resembles the conventional turning
process.

It was observed for AISI 1050 steel work material that the average surface
roughness decreased when the feed was increased from 0.04 mm/rev to 0.12
mm/rev and thereafter it increased; on further increase of feed from 0.12
mm/rev to 0.24 mm/rev. For grey cast iron the average surface roughness
increased on increasing the feed under all the studied cutting conditions.

The average surface roughness remained constant with the increase in depth of
cut for the feeds of 0.04 mm/rev and 0.08 mm/rev for grey cast iron. For the
feeds above 0.08 mm/rev the surface roughness increased with the increase in
depth of cut. For AISI 1050 steel the surface roughness increased with the
increase in depth of cut for all selected cutting conditions. Higher depth of cut
led to higher cutting force which in turn causes more workpiece deflection.

This increased the surface roughness.
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The distance between the cutting tools did not have any effect on the average
surface roughness of both grey cast iron and AISI 1050 steel work materials
for all the ranges of investigated cutting conditions.

On comparison with single tool turning process, double tool turning process
produced superior surface finish on the machined grey cast iron and AISI 1050
steel work surfaces. A lowered average surface roughness for AISI 1050 steel
and grey cast iron work materials was obtained in double tool turning process,
when compared with single tool turning process.

Double tool turning leads to reduced machining cost compared to conventional
turning process, hence it is advantageous. An approximate analysis showed a

45% reduction in machining cost for a typical case.
Scope for Future Work

In the present work double tool turning process was explored. The work can
be extended to other multi-tool machining process.

A conventional lathe was modified to perform double tool turning process.
The feeds of both the cutting tools were same. A separate mechanism can be
developed such that the different feeds can be given to the two cutting tools. It
may help in improving the surface finish.

In this thesis experimental investigation on double tool turning process was
carried out. Numerical study on double tool turning process can be carried out.
It further increases the understanding of the process. This will save time and

cost by avoiding time consuming and expensive metal cutting experiments.
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