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ABSTRACT

The ever-increasing development and implementation of expensive advanced machines
have made the study of machining economics increasingly important. Machining
economics is to a great extent about making use of production resources most efficiently
and at the lowest possible cost. Since the cost and time of machining are sensitive to the
cutting conditions, optimum values have to be determined before a part is put into
production. The optimum cutting conditions in this context are those that do not violate
any of the constraints that may apply on the process and satisfy the economic criterion.
The main objectives of this thesis are to investigate the methodologies and to develop a
logical algorithm for predicting the constrained optimum cutting conditions in oblique
machining with nose radius tools so that the production cost/time can be calculated and
minimised.

Based on a variable flow stress machining theory, a method has been developed
for predicting cutting forces, stresses, temperatures, etc. which are then used to check
process constraints such as machine power, tool plastic deformation and built-up edge
formation, from a knowledge of the work material properties and the cutting conditions.
By using the concept of an equivalent cutting edge, the analysis has been extended to the
three-dimensional oblique process involving nose radius tools. This method, to a
considerable degree, solves the disadvantage of needing a huge amount of preparatory
data associated with previous empirical approaches investigated.

A modified form of Taylor tool life equation has been presented and employed in
predicting tool life with good accuracy. Using the tool temperatures obtained from the
machining theory, a method for determining the constants in this modified Taylor tool
life equation has also been developed. This method is shown to reduce the amount of
tool life experimental data required considerably.

This work is the first to consider the plastic deformation of the tool as a
constraint in the calculation of optimum cutting conditions. To do this, an analytical
model has been developed to calculate the stresses inside the cutting edge of a tool. A
methodology is described for predicting cutting conditions at which the cutting edge
starts to deform plastically when machining with oblique nose radius tools. It is shown

how tool stresses and temperatures determined from the machining theory can be used



together with experimental high temperature compressive strength data for the tool
material to make these predictions. A series of plastic deformation experiments have
been conducted to check the accuracy of the predictions made using the above method.
A comparison made between predicted and experimental results for two plain carbon
steel work materials and a range of cutting conditions shows good agreement.

Based on economic criteria such as minimum production cost or minimum
production time, an optimisation procedure incorporating the above methodologies has
been developed to determine the optimum cutting conditions in rough turning with
oblique nose radius tools. A C-language computer program has also been developed to
predict the constrained optimum cutting conditions. Worked examples are given to
validate this optimisation procedure and to demonstrate the effects of cutting conditions,
workpiece diameter and carbon content on production cost/time. Further work is

proposed for wider applications of this work. -
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Chapter 1

1. Introduction

The developed state of a nation can be indicated, generally, by the gross national
product (GNP) which can be taken as a measure of material well-being. In most cases,
materials are utilised in the form of manufactured goods. Manufacturing, defined as the
transformation of materials into goods for the satisfaction of human needs, had claimed
the largest single share in GNP, at least until the 1950’s (Schey, 1984). Manufacturing is
one of the primary wealth-generating activities for any nation---the growth of
manufacturing has led to undeniable advances, not only in providing an abundance of
material processions, but also in creating the economic basis for genuine improvements
in the quality of life. It has been accepted that, in general, the nations intensively engaged
in manufacturing enjoy a higher standard of living, as it is expressed by the per capita
output of the economy. Manufacturing should be competitive not only locally but also on
a global basis since the proportion of manufactured goods in the export trade of a nation
can be taken as a measure of the nation’s economic development. The only way to make
manufacturing competitive is to attain a high level of profit. Since 40% or so of the
selling price of a product is manufacturing cost (DeGarmo et al, 1990), maintaining high
level of profit often depends on reducing manufacturing cost. Of the manufacturing
processes, metal cutting or machining is often claimed to be the most important process
in engineering manufacturing because the vast majority of manufactured products require
machining at some stage in their production, ranging from relatively rough or
nonprecision work, such as cleanup of castings or forgings, to high-precision work
involving tolerances of 0.0025 mm or less. In the USA, the yearly cost associated with
material removal has been estimated at about 10 per cent of the GNP in 1980’s (Shaw,
1984). Now it is estimated that in the United States alone some US$60 billion annually is
spent on machining process (DeGarmo et al, 1990). Obviously efficient machining
operations with lowest possible machining cost is a key issue of competitive

manufacturing and the nation’s economy.
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1.1 Economics of Machining

With the rapid development and implementation of sophisticated, high cost, numerically
controlled machining systems, machining economics becomes more and more important.
Machining economics is to a great extent about making use of production resources
most efficiently and at the lowest possible cost. The variables affecting the economics of
a machining operation are numerous and include material, people and equipment. These
interrelated factors in machining mﬁst be combined properly in order to achieve low cost,
superior quality and on-time delivery. Fig.1-1 shows the components of manufacturing
costs (DeGarmo et al, 1990). Particularly, in machining operations, apart from the cost
of material that is used, the other costs are:
@) cost of labour which is measured per unit time that labour is used,
(i)  cost of operating the machine which includes interest on its cost, depreciation,
power consumed and the cost of maintaining it in good running condition,
(iii))  overhead cost which consists of the cost of establishment such as buildings, land,
the cost of general management including salaries,
(iv)  the nonproductive cost which includes the cost of loading and unloading the
component, the idle time costs and other non-cutting time costs not included in the total
cost, and
v) cost of tool which may include the cost of material of tool and regrinding of tool.
Of the variables affecting the economics of a machining operation, cutting
conditions which include the cutting speed, feed and depth of cut have a great effect on
the production rate and cost of a machining operation. For example, with cutting speed,
if the unwanted material is cut at a very slow speed, the completion time of the operation
would increase, resulting in the increase of the cost of labour, the cost of machine
operation, and the overhead cost. If the same operation is done at very high speed, the
wear of cutting tool would be accelerated, then the tool has to be replaced more
frequently, resulting in an increase of the tool cost. Both of these would make the
operation costlier. There is a particular speed which is considered as the optimum value

where the operation is most economical.
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Fig. 1-1 Manufacturing Cost in the Selling Price
(after DeGarmo et al, 1990)
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Unfortunately, evidence had confirmed that, even in the aircraft and aerospace
industry, the cutting conditions set on computer numerically controlled (CNC) machine
tools were far from optimal (Kegg and Zdeblick, 1983). With the continuous increment
of financial investment in modern manufacturing systems such as robots, numerically
controlled NC/CNC machine tools and computer-integrated-manufacturing systems
(CIMS) by manufacturing companies, the use of optimum cutting conditions is definitely
essential to offset the massive investment and to improve the efficiency and

competitiveness of these companies.

1.2 Optimisation of Cutting Conditions

Since the efficiency and total cost of machining operations are sensitive to the cutting
conditions, optimum cutting conditions have to be determined before a part is put into
production. Since a manufacturing situation is usually complex and a single machining
operation is seldom the only operation carried out on a component by one manufacturer,
the true economic optimisation for any one machining operation must take into account
the other processes to be performed on the component. The consideration of the
production process mix and the production rate at each manufacturing stage will give the
greatest return on the overhead investment and the running cost which includes both raw
material cost and machining operation cost. The full optimisation should take account of
process interactions, the different values of operations at different production rates and
possible variation in anticipated sales. Due to the complexity associated with it, the full
optimisation is seldom attempted. A procedure that is often adopted is to select
machining conditions at each machining operation to give a suboptimised solution. These
conditions are then modified, if necessary, after reviewing the process interactions by
inspection of the whole production program.

For a machining operation, once the operation planning and the appropriated
tools have been determined, its success depends on the optimum cutting conditions. A
rational selection (or optimisation) of cutting conditions is the result of taking into

account the technical specifications (surface finish, the accuracy of shape and
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dimensions) listed by the designer, limitations (constraints) of machining processes and
production economy. The level of optimisation depends on the extent to which the
physical, technical and economic relationship involved in the given machining method are
known. Traditionally, the selection of proper cutting conditions has been considered part
of the machine operator’s duties. Many machining practitioners select cutting conditions
by “experience”, “rules of thumb”, or by reference to tool manufacturers’
recommendations or machining data handbook (Metcut Research Associates, 1980).
However, for economic selection of the cutting conditions, the required technical and
cost data are not readily available to the operator. Consequently an optimum selection
can seldom be achieved by this approach.

Attempts have been made to develop other approaches in order to obtain
optimum cutting conditions. These approaches broadly fit into two general categories:
1) predictive methods,
(ii) adaptive control.
Most of the reported work on these methods have not yet reached the stage of practical

use. These methods will be discussed in greater detail in the next chapter.

1.3 Objectives of this Work

As noted earlier, since the cost of machining on NC/CNC machines is sensitive to the
cutting conditions, optimum values have to be determined before a part is put into
production. The optimum cutting conditions in this context are those that do not violate
any of the constraints that may apply on the process and satisfy the economic criterion.
Since many of the constraints that may apply on the process have to be checked using
parameters such as tool life and cutting forces, one has to estimate these parameters with
a reasonable degree of accuracy. For a practical machining situation the prediction of the
tool life and cutting forces has to be done using empirical equations since no adequate
machining theory is available to predict the above parameters. However these empirical
equations involve a number of constants which are not readily available. Furthermore

these constants depend on many factors thus requiring a huge amount of experimental
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data for a general workshop situation. To obtain and manage such a huge amount of data
is an extremely difficult task. The cost of obtaining the data can exceed the potential
savings that might accrue from using that data. Therefore an alternative to the method
which uses empirical data to predict cutting forces, tool life, etc. will be of great value.

To overcome the aforementioned difficulties with the empirical approach, the
orthogonal machining theory developed by Oxley (1989) and his co-workers has been
used in this work to predict tool life, cutting forces, temperatures, etc. and subsequently
the constrained optimum cutting conditions. This theory, which takes account of
variations in work material flow stress with strain, strain-rate and temperature, has been
applied with considerable success in predicting cutting forces, temperatures, etc. from a
knowledge of the work material properties and the cutting conditions. Although most of
the initial work dealt with the two-dimensional orthogonal process, using the concept of
an equivalent cutting edge, the analysis has extended to the three-dimensional oblique
process involving nose radius tools (Arsecularatne et al, 1995).

A method for determining the constant and exponents in the extended Taylor
tool life equation (Eq.(3-4)) is also discussed. Compared to empirical methods, the
developed method, using the temperature information obtained from the machining
theory, will considerably reduce the amount of tool life experimental data. Based on the
above tool life equation’s constant and exponents, the tool life corresponding to a given
set of cutting conditions can be predicted.

This work is the first to consider the plastic deformation of the tool as a
constraint in the calculation of optimum cutting conditions. To do this, an analytical
model is developed to calculate the stresses inside the cutting edge of a tool. This is then
used for predicting cutting conditions at which the cutting edge starts to deform
plastically when machining with oblique nose radius tools. It is shown how tool stresses
and temperatures determined from machining theory can be used together with
experimental high temperature compressive strength data for the tool material to make
these predictions. A series of plastic deformation experiments are conducted to check the
accuracy of the predictions made using the above method. The experiments were made
on two plain carbon steel work materials under oblique machining conditions. A
comparison is made between predicted and experimental results for a range of cutting

conditions which are comparable to those used in practice.
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Finally an optimisation procedure is also developed. It incorporates the above
models and methods to determine the optimum cutting conditions in rough turning with
oblique nose radius tools. This procedure uses a search-methodology to determine the
constrained optimum cutting conditions based on economic criteria such as minimum
production cost or minimum production time. It can also be used to find the boundary
between the feasible and unfeasible depth of cut and feed combinations. A computer
program is developed to predict the constrained optimum cutting conditions. The
program is written in C-language, which consists of a main function to realise the main
logic of the procedure, and some functions to apply the machining theory and to consider
the constraints. Worked examples are shown to validate the optimisation procedure, and

to demonstrate the effect of cutting conditions on production cost/time.

The above described work is in six chapters. Chapter 1 is the introduction in
which the background and the objectives of this research work are described. Also the
content of the thesis are summarised. In chapter 2, a literature survey on optimisation
criteria and strategies for optimisation are discussed. This survey also reviews the
variable flow stress machining theory and its application in oblique machining with nose
radius tools. Chapter 3 presents a model for the prediction of constrained optimum
cutting conditions. First, the objective functions and constraints of the optimisation are
described mathematically. Then the method developed to predict the cutting forces,
temperatures, etc. in oblique machining are discussed. A method to determine the
constant and exponents in the extended Taylor tool life equation (Eq.(3-4)) is presented.
Finally the procedure adopted in this work to determine the optimum cutting conditions
for turning operations are given. An analytical model for the calculation of stresses inside
the cutting edge of a tool is described in chapter 4. In this chapter a methodology to
predict the cutting conditions giving plastic deformation of tools are presented together
with a review of previous work on tool plastic deformation. The experimental set-up and
procedure for determination of tool plastic deformation are also given together with the
comparison between experimental and predicted results. In chapter 5 the computer
algorithms for the optimisation are given. Worked examples are also given to validate the

optimisation procedure and to demonstrate the effects of cutting conditions, workpiece
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diameters and carbon content on production cost/time. Conclusions and suggestions for

further work are presented in chapter 6.
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CHAPTER TWO - Literature Survey
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2. Literature Survey

2.1 Optimisation Criteria, Constraints and Strategies

There are unequivocal relationships between the machining conditions and the technical
and economic indices of machining. The most important among the variables affecting
the economics of a machining operation are the cutting conditions, the machine-tool
capacity and the tool material as well as the work material. The most economic
machining results would be achieved by the proper combination of the above parameters
using some optimisation techniques. The common optimisation techniques attempted so
far are predictive methods and adaptive control.

Predictive methods use existing data to determine the optimum cutting conditions
before a part is put into production. One of the predictive methods is the data-bank
approach. For the last twenty-five years or so many countries have been setting up
machinability data banks (C.I.LR.P. 1976) for this purpose. Now in industry, optimisation
of the machining conditions is often carried out by use of the data bank approach.
Machinability data based on past experience or obtained by empirical approach is stored
in computers, which is used to estimate the unit production cost when using a variety of
tool materials, tool geometrise, feeds, speeds, etc.. The production engineers can
estimate the optimum operating conditions for a job by comparing the unit cost for each
combination. But the collection of such machinability data especially if they are to be
reliable (statistically significant) is extremely time consuming and expensive. Furthermore
the optimum result is only approximate since only the most important variables that must
be specified to characterise a job are considered. The data-bank approach, although
approximate, usually represents a good starting point for the optimisation.

Another approach to optimise cutting conditions is adaptive control (Shaw,
1984), in which performance is monitored and measurements are made during or after a
cut, and the cutting conditions adjusted in accordance with a predetermined strategy.
Due to the high cost of implementing a hardware control system and the relatively poor

performance record to date, the adaptive control methods in turning are not used.
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Some researchers (Cook and Goldberger, 1982) have developed a method which
is partially predictive, and partially adaptive. The method comprises an attempt to utilise
predictive analysis, past experience, and current experience in a way that will give better
and better results as time goes on. But this method still uses a reliable data bank as
“default” data to enable function in the absence of specific data to a particular operation
and it needs a set of logical algorithms for replacing old data with new in a stable fashion,
which is still not very clear. It seems that predictive approach is still the most prospective
optimisation method.

Considering the ultimate objective of a optimisation process, there exists two kinds of
optimisation (Kaczmarek, 1976):
@) one criterion optimisation,
(i1) multiple criteria optimisation.
The common optimisation criteria used in the one-criterion optimisation are the minimum
production cost or the minimum production time (the maximum production rate)
(Gilbert, 1950). For a single-pass operation, the machining cost can be written as
(Armarego and Brown, 1969)

C;=C, +C, +C,; +C, +C; 2-1)
where,C; = xt,, is the nonproductive cost per component; C, = xt; is the cost of
machining where t; is the time required for the tool to traverse the component (feed
engaged), whether or not the tool is continuously in contact with the work. Neglecting

the noncontact time, C, can be written as: C, = xt,, where t, is the actual cutting time
t,, . . . .
per component; C, = xts(—%) is the cost due to tool-changing; C, = y(%) is the tool

cost per component; Cs is the work-material cost. When Cs is neglected, the machining

cost becomes
C=xt, + xt, + xt (—tz) + (—-—tz) 2-2)
: 2 T y T

Obviously, the machining cost C can be reduced by decreasing the nonproductive cost G

with the decrease of nonproductive time t, which includes the loading/unloading time,
the idle time, and work-holding time, etc.. Improved tool materials and tool geometry

which would give longer tool-life would in turn reduce the total tool costs (C,+ C,),

resulting in a decrease in the machining cost. Improved work materials with better

Literature survey 12



Chapter 2

machinability which gives less tool wear, can also reduce the machining cost. In addition,
it may be possible to reduce the machining cost C by decreasing the machining time using
high cutting conditions.

Considering the extended Taylor tool life equation (Eq.(3-26)), it should be noted
that a high cutting speed (or feed) reduces the machining time, but accelerates the rate of
tool wear, resulting in a decrease in tool life. Thus a high cutting speed (or feed) has

positive effects on the cost C, and opposing effects on the total tool cost (C,+ C,).

There must be an optimum cutting speed (or feed) which gives the lowest (or minimum)
machining cost. It was pointed out that the minimum machining cost occurs as a result of
the increasing tool cost as shown in Fig.2-1 (Armarego and Brown, 1969). Obviously the
optimum cutting speed can be raised by using improved tool materials which can resist
high speeds and give longer tool life values.

Similarly, optimum cutting conditions exist to give the minimum production time
(or the maximum production rate), and these optimum values can also be raised by using
improved tool materials with greater resistance to high cutting conditions resulting in

longer tool life. The production time is given by,

n

t=t, +¢, + t3(-t1%) (2-3)

which can be reduced by decreasing the nonproductive time t,. Here again, high cutting
conditions decrease the actual machining time, but increase the tool changing time. Fig.2-
2 shows that the minimum production time occurs with a decrease in machining time
and an increase in tool-changing time (Armarego and Brown, 1969).

It has been shown that the cutting speed for minimum production time is higher
than the cutting speed for minimum production cost (Armarego and Brown, 1969). The
minimum cost criterion would give a lower production rate, while the minimum
production time criterion would give a higher cost per component. The overall optimum
situation in which both the criteria are considered is usually somewhere between the

conditions established by these two criteria.
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Fig. 2-1 Optimum Cutting Speed based on Minimum Production Cost
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Fig. 2-2 Optimum Cutting Speed based on Minimum Production Time
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Literature survey 14



Chapter 2

It has been argued that a more effective criterion might be needed since the above
one-criterion optimisation does not consider the interaction of production cost and
production time and vice versa. To take into account production cost, production time
and selling revenue, the maximum profit rate criterion was developed in order to

maximise the return on the operation per unit time (Armarego and Brown, 1969). The

Income per component — cost per component

T . It has been
1me per component

profit rate P, can be eXpressed by P =

pointed out that the variables which reduce the production cost and the production time
would increase the profit rate. But the optimum conditions determined by the maximum
profit rate criterion usually lie close to the minimum production cost conditions unless
the profit margin is very high (Armarego and Brown, 1969). Furthermore, the difficulty
in obtaining the prerequisite knowledge of the product sale price (or the income per
component) needed for the determination of the operation’s profit rate makes the
criterion difficult to apply.

Agapiou (1992) presented a general multiple-criterion optimisation method which
incorporates a combination of the minimum production cost and minimum production
time requirements. The key to the applying of this multiple-criterion is the determination
of the weight coefficients. However, they are difficult to be estimated due to their
uncertainties. So the most popular optimisation criteria are still the minimum production
cost and the minimum production time.

Once the theoretical optimum cutting conditions based on the above criteria are
obtained, they have to be corrected due to a number of constraints that may apply on the
process such as (Colding, 1969):
® machine-tool capabilities including maximum/minimum available speeds, feeds,
the maximum power/ torque or force, and machine-tool feed and speed steps,

(i) vibrations due to machine tool structure, set-up conditions and workpiece type,
§11)) surface finish and tolerance requirements,

@iv) cutting tool grade,

V) diameter or size of the workpiece,

(vi)  chip breaking ability,

(vi) maximum chip removal rate due to strength of cutting tool design and tool
material, and

(viii) cutting tool geometry.
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Fig.2-3 Selection of Optimum Cutting Conditions based on
Minimum Production Cost when Various Constraints apply
(after Armarego and Brown, 1969)

Armarego and Brown (1969) showed the effects of some constraints on the
selection of optimum cutting conditions. According to their work, point 1 (Fig.2-3) is the
initial optimum point based on Eq.(2-2) subject to the constraints of the available feed
and cutting speed. Then the cutting conditions are modified to satisfy the constraints.
First, the cutting conditions are moved to point 2 when the power restriction is
considered, then to point 3 to account for the force restriction. Later the surface finish
constraint forces the conditions down to point 4. Considering the available feed steps,
the conditions have to be moved to the next lower feed step. At this feed step, the
available speed steps are checked for the lowest cost until point 5a is found to give the
minimum production cost while all the affecting constraints can be satisfied. It was

pointed out that the optimisation steps may be varied since the active constraints may
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vary in different machining processes in practice. For example, in a finishing pass, the
most important constraint is the surface finish restriction, so the initial optimum point is
checked for the surface finish constraint firstly, then the other constraints such as power
and force restrictions can be checked fairly rapidly. In a roughing process, the available
maximum feed/depth and power restrictions should be checked firstly, whereas the
surface finish restrictions may not apply. In general, the optimal point has to be found
within the feasible region defined by constraints. When more practical constraints are
incorporated, the complexity of optimisation procedure increases.

A large number of investigations has been carried out to determine the optimum
cutting conditions. The procedures reported so far to determine the optimum cutting
conditions are based on various nomograms (Brewer and Reuda, 1963), graphical
techniques (Colding, 1969), performance envelope (Crookall, 1969), linear programming
(Erner and Patel, 1974), geometric programming (Petropoulos, 1973), and search
procedures (Hinduja et al, 1985 ). A comprehensive review of research on optimisation
up to 1989 has been given by Arsecularatne (1990). Therefore the following literature
survey has been mainly restricted to some selected references published before 1989 and
those published after 1989.

Brewer (1958) presented graphs of feed vs velocity with curves of minimum cost
to select the optimum velocity and feed for minimum cost per component produced. By
adding curves of constant power, he tried to incorporate the constraint of maximum
available power into the procedure in determining optimum feed and velocity.

Brewer and Rueda (1963) presented a simplified approach to the selection of
optimum cutting conditions by using nomograms. They limited their considerations to
turning. First, for a given depth of cut, the maximum feed is determined from experience.
Then the most economic cutting speed for this feed is determined using a nomogram.
Once the most economic cutting speed is selected, the cutting force and the power
consumed are determined using nomograms in order to check the power constraint. The
required power for this cut must be within the capability of the motor used. If necessary,
the above process is repeated for a lower feed until the optimum values of feed and
cutting speed are determined. It should be noted that the nomograms were obtained

using empirical data.
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Colding (1969) used the chip equivalent concept to describe the tool life
relationships, cutting power relationships and productivity for turning, milling and
grinding in order to determine the optimum cutting conditions. Chip equivalent is defined
as the ratio between the total engaged cutting edge length divided by the chip cross-
sectional area. It has been shown that the productivity is proportional to the production
rate, but inversely proportional to the production cost or the average production time.
When the productivity is a maximum, either the production cost or the average
production time is a minimum. In this way, both the production cost and the production
rate were incorporated into the optimisation. The relationships between tool life and chip
equivalent, the relationships between productivity and tool life, and the relationships
between tool life and cutting speed were shown graphically on plots. Then, for constant
tool life, the relationships between cutting speed and chip equivalent were plotted. Using
the above plot and the economic relationship pertaining to cutting speed versus chip
equivalent at constant tool life, the optimum cutting speed was determined.

Brown (1962) presented some general relations for the selection of optimum
cutting conditions. By analysing the extended Taylor tool life equation, the machining
cost per component and the cutting time per component, he gave the equations for
calculating the optimum cutting speed or optimum feed based on minimum production
cost, respectively corresponding to constant feed or speed. Consideration was given to
single point tools removing material in both one and two passes, and to operations
involving more than one tool. He pointed out that, for a single pass operation involving
one tool, firstly the maximum permitted feed should be used and an ideal optimum
cutting speed could be determined to give the minimum production cost. If the above
values of speed and feed violated the available cutting power, then one or both of these
values must be reduced which means increasing the cost above the ideal optimum. To
make this increase in cost as small as possible, speed and/or feed should be adjusted by
as little as is necessary to meet the power restriction. In such situations, the solution for
cutting speed should be re-calculated using the maximum available power with the
maximum possible feed. In addition, for a single tool operation, he compared the cost of
a single pass with the cost of two passes when the total thickness of the material layer to

be machined was the same. He pointed out that two passes were not cheaper than one if
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the single pass did not use maximum power, and a saving using two passes might be
obtained when single pass did use maximum power.

The maximum profit criterion has been used by some research workers to
determine optimum cutting speed (Okushima and Hitomi, 1964; Wu and Ermer, 1966),
or optimum cutting speed and feed (Armarego and Russel, 1966). As noted earlier, one
major disadvantage of using this criterion is the difficulty in obtaining the income per
component since any particular operation is only one of the many operations needed to
manufacture the final product.

To consider the effects of constraints in choosing cutting conditions, Crookall
(1969) developed the performance envelope concept for a particular combination of
Workpiece and tool. The performance envelope can represent simultaneously the many
different aspects of performance and behaviour of materials under cut. A performance
envelope for a machining process was obtained by superposition of the economical and
technological envelopes on a velocity vs feed plane. The economical envelope consisted
of minimum production cost and maximum production rate, while the technological
envelope consisted of the available maximum power, workpiece rigidity, surface
roughness , rapid crating of tool, tool deformation and built-up edge. The economical
envelope determined the available technological region. Then the performance envelope
gave the feasible machining region, which was used to determine the optimum cutting
velocity and feed without violating the above constraints.

Hitomi and Nakamura (1971) used the optimum-seeking machining (OSM)
method to obtain the optimum cutting velocity. This method was based on the Taylor
tool life equation. Since the constants in the Taylor tool life equation were not known at
the initial stage of machining, initial machining conditions were selected based on past
experience. A machining operation at the initial machining conditions was conducted and
a cutting time up to a tool change was obtained. Using this cutting time as the tool life in
Taylor tool life equation, a set of constants was obtained. A new cutting speed was then
calculated using Taylor equation with the above constants, and another machining
operation at this new speed was conducted and a new cutting time up to a tool change
was obtained. Now a new set of constants could be calculated using the above two pairs
of practical data (speed and tool life) and a newer cutting speed was calculated. If the

tool life is satisfactory from an economical viewpoint, then the optimum cutting
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conditions were assumed to have been reached. The above procedure was repeated until
the velocity between two successive tests fell within + 5 m/min. It can been seen that, in
this method the optimum cutting velocity was determined from data obtained
successively in machining tests.

Constraints such as maximum available power, deflection, as well as
maximum/minimum available cutting conditions (feeds, speeds and depth of cut) were
also considered by Crookall and Venkataramani (1971) in the optimisation of a simple
multipass case which consisted of two passes: a roughing and a finishing pass. It was
shown graphically that, when the surface finish was considered, the minimum machining
time could only be achieved using the two-pass machining instead of a single pass
machining.

Armarego and Chia (1980) used a mathematical approach to determine the
optimum cutting conditions based on the criterion of maximum production rate for
multipass rough turning. In their optimisation strategy, the maximum depth of cut that
did not violate the constraints of the maximum available power and the maximum tool
force was calculated firstly. Then a minimum number of passes of equal depth of cut was
determined. For this depth of cut, the highest allowable feed was selected and finally the
optimum cutting speed was determined for every pass.

Nee (1983) used a programmable calculator to perform both optimum analyses
and evaluations of machining operations. A single pass operation was considered on a
lathe. The surface finish and power were considered as the constraints on optimum
machining conditions. The optimisation methodology used in his work can be described
as follows. The required data such as available power, estimated drive efficiency, feed
and speed ranges, surface finish requirement, economic data, tool nose radius, the
available machine, etc., were stored in magnetic cards. An initial relatively high feed and
depth of cut was first selected. Then considering the constraint of surface finish, an
optimum feed was obtained. For a given tool life, with the above optimum feed and an
initial relatively high depth of cut, the cutting speed based on minimum production cost
or maximum production rate was then calculated using the Taylor tool life equation. The
constraint of power was satisfied by only reducing the initial value of depth from a
maximum available power viewpoint. Nee pointed out that such optimum conditions

might be quite different to those recommended by handbooks since the handbooks did
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not account for the different conditions of machine tools as well as dissimilar cost factors
in different countries. It was noted that the data required were obtained from cutting
tests and from machining handbooks.

Venkatesh (1986) developed systems to determine the cuftting conditions using
programmable calculators, microcomputers and a main frame computer. In his approach
for programmable calculators, machinability ratings, feed values and empirical data for
predicting forces, tool life, etc. were retrieved from the data bank available with the
calculator for the choice of tool and work materials. For microcomputers, the data
system was consisted of generalised empirical équations and a mathematical model. But
the equations in the mathematical model were subject to a particular machine used. For
the mainframe computer, the data system was built up by storing the experimental data
and industrial data in a database. Then these data were analysed statistically and
empirical relations were formulated. In the optimisation procedure, Venkatesh used
empirical equations to predict tool life, cutting force components, surface finish, rate of
crater wear and flank wear. In these equations, in addition to depth of cut, feed and
cutting speed, the effects due to nose radius and approach, inclination and normal rake
angles were also included. Thus each equation consists of a constant and seven
exponents. Using this machinability data base systems in the main frame computer,
suitable cutting conditions, which include ‘raw data’, ‘optimum cutting conditions’ and
‘recommended cutting conditions’, can be obtained. The disadvantage of his methods is
that the data necessary for these three machinability data base systems are not readily
available.

Hinduja et al (1985) used a direct search procedure on the depth-feed (d-f) plane
to determine the optimum cutting conditions. This region in the d-f plane gave the
depth/feed combinations for adequate chip control. The region was approximated to a
quadrilateral and divided into a 20 x 20 grid, as shown in Fig.2-4. All the points on the
grid were checked for the constraints applicable by starting from the point O with the

maximum depth. The procedure took into account the changing stiffness of the blank as
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Fig. 2-4 Region on d-f Plane for Optimisation
(after Hinduja et al, 1985; Arsecularatne et al, 1992)

machining proceeds and determined the optimum depth of cut, feed and velocity for veach
pass in multipass turning. It should be noted that the equivalent chip thickness was used
to estimate the force components, which is only suitable for the cutting force component
but not for the feed and radial force components (Arsecularatne, 1993). Moreover, the
geometrical data of the component and the blank were read from a file which had to be
created before executing the program, which was possible only for relatively simple
components with one operation. Since the optimum point always lies on the boundary
that separates the feasible and non feasible cutting regions, the search procedure can be
restricted to this boundary. This considerably reduces the amount of computation
required.

Arsecularatne et al (1992) used a similar approach in their work. They made the
necessary modifications to overcome the above disadvantages. The necessary

geometrical information for all the operations was obtained from the output of a process
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planning module. Optimisation procedures that could be applied in operations such as
drilling, grooving, threading and parting-off were also presented. The cutting conditions
calculated for each operation were displayed graphically, which could be changed by the
user. The geometrical data and the cutting conditions were used to generate the
CLDATA, which could be post processed in obtaining the optimum part program. They
also developed a method to obtain the necessary data for a particular workpiece/tool
combination by measuring the forces on-line using the motor armature current signals of
a CNC turning centre.

White and Houshyar (1992) studied the one-dimensional variable optimisation of
a single item (i.e. cutting speed as the only decision variable) in single-pass and multi-
pass operations. They introduced the concept of quality cost to explore the effects of
machining speed on quality. By adding the quality cost of the product to the cost-related
objective function, it was shown how roughness of a part would affect its machining
cost. They pointed out that quality cost had a measurable effect on choosing the
optimum cutting speed under any cost-related criterion.

In order to consider the interactions among the criterion of minimum production
cost and the criterion of minimum production time, Agapiou (1992) constructed a
combined objective function using the weighted-sums approach. This objective function
incorporated both the production cost and production time criteria using different weight
coefficients to show the relative importance of each criteria with a constant multiplier for
the normalisation of the objective function. The advantage of the combined objective
function was shown via numerical examples where the objective function was reduced a
two-variable problem (i.e. the cutting speed and feed). The Nelder-Mead simplex
method was used to obtain the contours (of the combined objective function and the
constraints such as power, force, surface roughness .and temperature) on the feed-speed
plane for given depth of cut. These contours were then used to determine the optimum
cutting conditions. The disadvantage of applying this combined objective function was
the determination of the weight coefficients which were difficult to be decided due to
their uncertainties.

Da et al (1996) used a multiple criteria optimisation method to determine the
optimum cutting conditions and tool inserts for finish turning operations. In order to

overcome the disadvantage of the weighted-sums approach, a utility function called ‘the
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tool usage criterion’ based on the tool life and material removal rate was constructed by
multiplication of these two individual objective functions. Then the goal of the
optimisation was to select the cutting conditions resulting in the maximum value given
by the above utility function. Constraints such as surface roughness, cutting force,
power requirements and chip breakability were considered in determining the optimum
values. Nonlinear programming techniques were used to identify optimum process
conditions for a given tool insert. Furthermore, comparative analysés of different tool
inserts were performed leading to a recommendation of a cutting tool for any special
application. However, the calculations of tool life, cutting force and power were still
based on empirical equations.

Lee et al (1996) discussed the multiple criteria simulation optimisation problem
in their paper. In their approach, a simulation experiment was regarded as a response
function from the decision space to the response space. Using a preference function,
decision maker can express preferences among the response variables to determine the
best compromise solution with a response vector which maximises the preference
function. Within the above mathematical framework, the objective of the multiple criteria
simulation was to find the best compromise solution. An interactive algorithm for solving
the multiple criteria simulation optimisation problem was presented. The method was
then applied to the optimisation problem for turning process to show its effectiveness.
Optimum values of feed and depth of cut were determined with minimum processing
time and good surface finish. However, cutting speed was not considered in this work.

Kilic et al (1993) presented a computer-aided graphical technique to identify the
optimum point (feed-speed) for turning operations. By defining a new variable X
(X=Uf{), the objective function (unit production cost or time) was expressed either in
terms of feed f and the variable X or in terms of speed U and the variable X. A method
used to determine the variable X was given. By mapping the contours of constraints (
tool life, power and surface finish) and the contours of different objective function
values (unit production costs or times) in the two-dimensional variable plane of cutting
speed vs feed, the optimum combination of cutting speed and feed was obtained.

Gupta et al (1994) attempted to determine the optimum cutting conditions based
on maximum profit rate using geometric programming (GP). They proposed that,

through modification of the constraint sets (i.e. surface finish, cutting power, tool life and
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maximum speed and feed), the signomial profit rate function could be converted into
posynomial form thus could be solved by GP combined with linear programming (LP).
The optimisation problems for single pass and multipass turning were formulated and
solved for the maximum profit rate using the GP-LP approach. The optimum cutting
parameters were compared with those obtained for minimum production cost or time
criteria. Then the following conclusions were arrived at:

‘@) Insingle as well as multipass turning, the maximum profit rate speed and feed for
an individual pass falls in the efficient working range of speed and feed defined by the
minimum production cost and maximum production rate criteria.

(i)  The maximum profit rate speed and feed shift towards the minimum production
cost speed and feed, respectively, when the revenue is lowered.

(1))  The least number of passes should be used to maximise profit rate or production
rate.” The above observations are in agreement with those given by Armarego and
Brown (1969). Note that the constants in the modified constraint sets had to be
determined using experimental data. In addition, similar to maximum profit criterion,
there are difficulties in obtaining the required income per component.

Cus et al (1997), in determining optimum cutting. conditions, took into account
technological constraints such as the shape of chip, tool life, cutting forces and machine
tool power. They suggested that the optimisation based on the above constrains should
be achieved by choosing tools which have the geometry that would result in the smallest
cutting force for selected cutting conditions. From a tribological viewpoint, they also
pointed out that the use of coated cutting tools and the mutually optimum combination
of work material, tool material and cooling agent would yield an optimal product for the
selected technological values and existing machinery. However the details of the
procedure, on how to obtain the required optimum combination of parameters, was not
given.

Chen and Rao (1997) argued that the uncertainties encountered in the
optimisation process should be considered. These uncertainties were due to the uncertain
characteristics of the parameters involved in the formulation of optimum cutting
conditions. By rewriting the parameters such as Taylor tool life equation constant and
exponents, constraint variables with a transition zone to represent the uncertain nature,

they tried to explore and manipulate the uncertainties in the optimisation using fuzzy set
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theory. A fuzzy optimisation approach was presented for the selection of optimum
cutting conditions in the presence of uncertain factors. It was shown that, on the shop
floor, there was no substantial difference between the numerical results given by the
fuzzy optimisation approach and those given by conventional approach using
deterministic constraints. The appropriate application of the fuzzy approach depends on
the determination and certainty of the tolerances of parameters involved.

Kee (1995) presented optimisation strategies for selecting optimum cutting
conditions in multipass rough turning operations based on minimum production time per
component criterion. The constraints considered included available speeds and feeds,
maximum force and maximum power. He argued that multipass turning could yield
superior production times than single pass turning. In multipass turning the optimal
solutions obtained showed that the cutting speeds and feeds were different for each pass
although the depths of cut were approximately equal.

Mesquita et al (1995) also presented a model and an interactive program system
for the selection of optimum cutting conditions in multipass turning operations. A
multiple optimisation criterion based on the weighted-sums approach was used in the
optimisation. This multiple criterion was consisted of three criteria: minimum unit
production time, minimum unit production cost and minimum number of passes.
Constraints such as the available speeds, feeds, depths of cut, cutting forces, occurrence
of self-excited vibrations, desired tool life and chip width/thickness ratio were
incorporated in the optimisation procedure. But the criterion weights had to be specified
by the user in a random way.

In most of the optimisation procedures discussed so far, it has been assumed that
the necessary data or empirical equations to calculate parameters such as tool life,
cutting forces, etc. are readily available. In fact, the collection of such machinability data
is extremely time consuming and expensive therefore not readily available to be used,
resulting in the limited application of the above optimisation systems. An alternative to
the above empirical approaches is to use machining theories as much as possible to
predict tool life, cutting forces, etc. The following sections review the variable flow
stress machining theory developed by Oxley (1989) and his co-workers and its
application to oblique machining process involving nose radius tools. This theory, which

takes account of variations in work material flow stress with strain, strain-rate and
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temperature, has been applied with considerable success in predicting cutting forces,
temperatures, etc. from a knowledge of the work material properties and the cutting

conditions.

2.2 Analytical Studies of Machining Process

A large number of investigations hés been carried out to investigate the mechanics of the
machining process. The well known machining theories are those developed by .
Merchant (1945), Lee & Shaffer (1951), Shaw et al. (1962) and Kobayashi & Thomsen
(1962). These machining theories assume that plastic deformation occurs in the work
material at a constant flow stress while the chip formation process can be represented by
a shear plane AB (Fig.2-5). It was also assumed that the frictional conditions at the
tool/chip interface could be represented by an average coefficient of friction, as for
normal sliding friction. So the direction of the resultant cutting force R for a given tool
rake angle o is determined by the average friction angle A (Fig.2-5). Having failed to
give an adequate explanation of how work material properties and cutting conditions
influence the machining process, the above machining theories have been of little
practical help in reducing the amount of empirical results for cutting forces, tool-life,
temperatures, surface finish, etc. which are needed in selecting optimum machining
conditions.

Fortunately, a more practical machining theory developed by Oxley (1989) and
his co-workers is now available for this purpose. In this theory, the aforementioned
shear plane model of chip formation is replaced by a shear zone model (Fig.2-5).
Therefore, the flow stress of the work material is allowed to vary with strain, strain rate
and temperature, and the frictional conditions at the tool/chip interface are described in
terms of the shear flow stress in the layer of chip material adjacent to the tool cutting

face. In this way, cutting forces and temperatures, which show the influence of cutting
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te work

Fig. 2-5 Model of Orthogonal Chip Formation

conditions and work material properties, can be predicted. In addition the method has
also been applied successfully to predict parameters such as tool life, tool stresses and
the range of cutting conditions in which a built-up edge (which should be avoided in a
finishing process) occurs (Arsecularatne et al, 1996). An ability to predict these
parameters is essential in the determination of optimum cutting conditions. Although the
initial work has mainly been limited to the relatively simple case of orthogonal
machining, it has been shown that, by introducing the concept of an equivalent cutting
edge, the theory can be extended to the more general case of oblique machining using

nose radius tools (Arsecularatne et al, 1995).
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2.2.1 The Orthogonal Machining Theory

The machining theory discussed here is for orthogonal machining in which a surface
layer of material is removed by a tool with a single, straight cutting edge which is set
normal to the cutting velocity, i.e. the angle i in Fig.2-6 is zero. The model of chip
formation used in this analysis is given in Fig.2-5. If the undeformed chip thickness t. is
small compared with the width of cut measured along the cutting edge (Fig. 2-5), then
the removed chip is formed under approximately plane strain conditions and the analysis
is restricted to such conditions. Steady-state conditions (no cracking, no build-up of
work material on the cutting tool) are also assumed to apply. The plane AB, near the
centre of the chip formation zone, which is found from the same geometric construction
as for the shear plane in the well known shear plane model of chip formation, and the
tool/chip interface are both assumed to be directions of maximum shear stress and‘
maximum shear strain-rate. It is also assumed that in the chip adjacent to the tool cutting
face a boundary layer exists of thickness &t across which the velocity changes linearly
from zero at the tool surface to the chip velocity V.

The basis of the theory is to analyse the stresses along AB (Fig.2-5) and the tool-
chip interface in terms of the shear angle ¢ (angle made by AB with cutting velocity U),

work material properties and cutting conditions and then to select ¢ so that the

resultant forces transmitted by AB and the interface are in equilibrium - the tool is
assumed to be perfectly sharp. Once ¢ is known then the chip thickness t, and the

various components of force can be determined from the following geometric relations:

~\

_t.cos(d—o)
sin

F, = Rcos(A — )

F; = Rsin(A - )

ch

\ 2-4
F = RsinA 2-4)
N =RcosA
Fs — kABtcw

cos® sindcos6)

where w is the width of cut, k,; is the shear flow stress along AB.

Literature survey 29



Chapter 2

Fr

Cutting Forces

Fig. 2-6 Oblique Machining
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The average strain rate along AB can be estimated from the empirical equation

(Oxley and Hastings, 1976)

Y= a%) 2-5)

. . . . t. .
where C is strain rate constant. V, is the shear velocity and 1=—— is the length of

sind
AB (Fig.2-5).

The stress normal to AB is the hydrostatic stress p and its distribution along AB
can be determined by starting at the free surface just ahead of A (assumed to be parallel
to the cutting velocity) and by applying the appropriate stress equilibrium equation (i.e.
dp = (dk/ ds,)ds,, where s, and s, are distances measured normal to and along AB, k is
the maximum shear stress along AB and it is assumed thatk =k,;). Then it can be
shown that for 0 < ¢ < +m, the angle 6 made by the resultant R with AB is given by

tan® =1+2(41 - ¢)~ Cn | (2-6)
where C is the constant in equation (2-5) and n is the strain-hardening index in the
empirical stress-strain relation

oc=0,." 2-7
in which 6 and € are the uniaxial flow stress and strain,o, and n are “constants” which
define the stress/strain curve for given values of strain rate and temperature. From the
geometry of Fig. 2-5, the angle 6 can also be expressed in terms of other angles by the
equation

0=0+A-0 (2-8)
The mean temperature rise in the plastic zone in which the chip is formed is found by
considering the plastic work done in this zone and is given by

_ 1-B FEcosa
pSt.w cos(dp —a)

2-9)

SZ

where p is the density of the work material and S is its specific heat. The proportion of
heat conducted into the work B, which is estimated from the following empirical
equations which are based on a compilation of experimental data by Broothroyd (1963):

B =05-035IgRtand) for 0.04 <R tan¢ <10.0, }

and B=03-015lgR tand) for R tand >10.0, (2-10)
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with R; a non-dimensional thermal number given by

R; =pSUt,/K (2-11)
where K is the thermal conductivity of the work material. The limits, 0 < <1, are also
imposed. So the average temperature at AB which is needed, together with the strain
rate and strain at AB, to determine k,; and n is taken as

T =nTg,+ Ty (2-12)
where T, is the initial work temperature, 1 (0 <1 <1) is a factor which allows for the
fact that not all of the plastic work of chip formation has occurred at AB.

The average temperature at the tool/chip interface from which the average shear
flow stress at the interface is determined is taken as

T = Tz + Ty +0 T, (2-13)
where T,, is the maximum temperature rise in the chip and the factorg (0 <@ <1)
allows for T, being an average value. Using the results given by Boothroyd (1963), if
the thickness of the plastic zone is taken as &t , , where d is the ratio of this thickness to

the chip thickness t_, , thenT,, is given by
lg(—) 0.06 - 01958( Ch)2 +0.51 ( Ch) (2-14)
C

where T, is the average temperature rise in the chip and is given by

T. = Fsin¢ (2-15)

¢ p St wcos(p —-a)

and h is the tool/chip contact length which can be calculated from the equation

t.sin@ Cn -
h= cosA sin¢ {1+ 3[1+2(%7t —q))—cH]} (2-16)

which is derived by taking moments about B of the normal stresses on AB to find the
position of R and then assuming that the normal stress distribution at the tool face is

uniform so that R intercepts the tool a distance 5 h from B. The maximum shear strain

rate at the tool/chip interface, which is also needed in determining the shear flow stress,

is found from the equation

A%
St

Vi = (2-17)

where V is the rigid chip velocity (Fig.2-5).
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Using the above equations, the cutting forces, temperatures etc. can be calculated
for given cutting conditions so long as the appropriate work material properties and the
values of C in Egs.(2-5), (2-6) and (2-16) and & in Egs.(2-14), (2-17) are known (the
methods for determining C and § will be given later). Briefly, the method used is to
calculate for a range of values of ¢ the resolved shear stress at the tool/chip interface
from the resultant cutting force obtained from the stresses on AB, that is

hw

and then for the same range of values to calculate the temperature T, and strain rates

(2-18)

Y, at the tool/chip interface and hence the corresponding values of shear flow stress
ko - The solution is taken as the value of ¢ which gives T, =k, as the assumed

model of chip formation is then in equilibrium.

In early applications of the theory C and & have been assumed to remain constant
over a range of cutting conditions. For plain carbon steels they have been taken, on the
basis of experimental results, as 5.9 and 0.05 respectively. Oxley and Hasting (1976,
1977) have presented methods to predict C and 8. According to their analysis, for a

uniform normal stress at the interface the average normal stress is given by

_N
hw

This stress can also be found from the stress boundary condition at B by working from
A along AB. If AB turns through the angle (¢—t) (in negligible distance) to meet the

Oy (2-19)

interface at right angles, as it must do if the interface is assumed to be a direction of
maximum shear stress, then it can be shown that
o'y
kAB

=1+4in-200-2Cn (2-20)

and C can be determined from the condition that ¢y ="' . Oxley and Hasting (1976)
used ‘minimum work’ as the criterion in obtaining 8. They proposed that &t (the

thickness of the plastic zone at the tool/chip interface) can be determined from minimum

work considerations. From Egs.(2-13), (2-14) and (2-17) it can be seen that as & is

reduced, the temperature and strain rate both increase, with T, tending to some finite

value and Yim tending to infinity as 8 approaches zero. Usually the flow stress of metals
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increases with increase in strain rate and decreases with increase in temperature. When
this applies it is found that for given cutting conditions a value of d exists which gives a

combination of strain rate and temperature that minimises the shear flow stress k., .

This in turn is found to minimise the rate of both frictional work (FV) and total work
(E.U), and it is assumed that in practice 8 will take up values satisfying this minimum
work condition.

To apply this machining theory to make predictions of cutting forces,
temperatures etc., the work material flow stress properties which are expressed in terms
of ©; and n in Eq.(2-7) have to be determined. For a range of plain carbon steels, this
can be done using the high speed compression test results obtained by Oyane et al
(1967). The thermal properties used were taken from the experimental measurements of
Woolman and Mottram (1964). By introducing the concept of velocity modified

temperature Tpq

T,, = Ta- Y188 (2-21)
80

where T (K) is the temperature, € is the uniaxial strain rate and v and €, are constants,

curves of o; and n against Tyq can be plotted (Fig.2-7 shows an example). Tpoq is a
frequently used parameter which combines the effects of strain rate and temperature. To
obtain the flow stress for given values of strain, strain rate and temperature from these
curves the method used is to determine Ty from the strain rate and temperature and
hence the corresponding values of 6; and n which can then be substituted together with
the strain in Eq.(2-7) to give the stress. In the usual way, uniaxial flow stress results are

related to plane strain conditions.
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2.3 Oblique Machining with Nose Radius Tools

The above orthogonal machining theory is extremely useful in relating the physical
properties of the work material to its machining characteristics for orthogonal/or
approximately orthogonal machining processes. Since most of the practical machining
operations are oblique processes (Fig.2-6), it is clear that a theory of oblique machining
would be of great value. The oblique process is three-dimensional with the chip flowing

across the tool face at an angle M. (Fig.2-6) which is measured as the angle between the

chip velocity and the normal to the cutting edge in the plane of the tool face. In oblique
machining, the cutting edge is inclined to the cutting velocity , i.e. i # 0, where i is the

angle between the cutting velocity and the normal to the cutting edge measured in the
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plane of the machined surface, as shown in Fig.2-6. Considering the extreme complexity
of three-dimensional plastic flow of the kind encountered in oblique chip formation, it is
not surprising that so far no predictive theory of oblique machining comparable to that
for the orthogonal case has been developed.

On the other hand there have been a number of attempts to extend the above
orthogonal machining theory to the oblique process. Lin et al (1982) presented a
semiempirical approach to do that. They made use of the experimental observations ‘(a)
that, for a given normal rake angle and other cutting conditions, the force component in
the direction of cutting and the force component normal to the direction of cutting and
the machined surface are very nearly independent of the cutting edge inclination angle
and (b) that the chip flow direction approximately satisfies Stabler’s flow rule’. They
pointed out that the two force components mentioned in (a) could be determined from
the orthogonal theory by assuming a zero inclination angle irrespective of its actual value
and with the rake angle in the orthogonal theory taken as the normal rake angle. The
experiments described by them were made on tubes to ensure that cutting took place
only on one edge as assumed in the method developed for predicting forces. Noting that
cutting tools were more complex and were normally seen to have two edges that cut
simultaneously, Hu et al (1986) made a series of oblique turning tests using sharp nosed
tools on a bar to see how the cutting on the end (secondary) cutting edge in addition to
cutting on the side (main) cutting edge would influence the cutting forces and chip flow
direction. By introducing the concept of an equivalent cutting edge which in essence
combines both the side and end cutting edges, they showed how the influence of the
latter can be accounted for in predicting the cutting forces.

In the work described above attention was limited to machining with tools
without a nose radius. In practice, however. almost all the tools used in industry have a
nose radius as it offers a stronger edge, generates a better surface and improves heat
transfer, thus reducing the temperature at the cutting edge. Arsecularatne (1995)
presented a method by which the chip flow direction and cutting forces etc. can be
predicted for oblique nose radius tools using the orthogonal machining theory. This

method is now considered.
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2.3.1 Chip Flow Direction and Equivalent Cutting Edge

In order to predict the chip flow direction the method adopted for nose radius tools with
non-zero rake and inclination angle tools is as follows. The chip flow angle due to the
effect of the nose radius is determined first by assuming a tool with zero rake and
inclination angles irrespective of their actual values. The equivalent cutting edge for this
case is taken to be at right angles to the chip flow direction. The line representing this
equivalent cutting edge is now projected onto the face of the tool with non-zero rake and
inclination angles with the projected line assumed to represent the equivalent cutting

edge for the actual tool. What follows is a review of this method.

2.3.2 Chip Flow Angle due to the Effect of Nose Radius

Young et al (1987) presented a method in which the chip was treated as a series of
elements of infinitesimal width. The frictional force component for each element changes
in magnitude as well as in direction. These frictional force components were summed up
in order to find the resultant and it was assumed that this resultant coincides with the
chip flow direction as depicted in Fig.2-8. In this way the resultant chip flow angle due to
the nose radius effect, ﬁo, measured from the positive Y axis can be determined from the

relation
fsinQq dA

s (2-22)
Icos Q,dA

Qo =tan™
where dA is the area of the undeformed chip element and €, is the angle a chip element
makes with the outward radial direction. The magnitude of the elemental friction force is

assumed to vary linearly with the local undeformed chip thickness. Fig.2-8(a) shows
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the uncut chip section when the depth of cut is such as to use only the round nose part of
the cutting edge. The uncut chip section is given in Fig.2-8(b) is when the cut extends
beyond the tool nose to include a part of the straight side cutting edge. By integrating the

numerator and denominator of Eq.(2-22) over the entire area of undeformed chip

section, the chip flow angle Qo is determined. These relations are:

Case 1. When d < r(1-sinC,) as depicted in Fig.2-8(a),

Lo s
NUM =[-r sin8f* + —;—l:sine (r*~f*sin®0)2 +’[7sin'1 (£ sine)}
{ r
% (2-23)

. 8,
N f[ 51r;29 + %] +[(r— d)log(sin® )EZ
8,

. <]
12 g2 L8 1 e
DEN = [—r cos()El3 + %{COSG (r>—f*sin’6)? + r_?f__log[(f cosf) + (r* - f? siﬁﬂ)z}}
f 0 )
+(c0s20);7 +[~(r- de]

where the limits of integration are

-

f
0, =cos™ ' (—
! (Zr)

40, =m —tan™ r—d/
(2rd—d*»)"* -f

0,=m— sin-‘(¥)

Case 2. When d > r(1-sinC;) as depicted in Fig.2-8(b),

12 P2
NUM = [~-r2sineﬁz +L{sin9(r2— £25in%0)? +—sin™ (fsine)]e
12 f r
! (2-24)

+rf[

)

. 2
sin20 + 9] + {f[d— r(1-sinC,)]- % sinZCS} cosC,

0,
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9,
2
T

1 _f2 1
DEN = [—r2 coseﬁ2 +%{cos9(r2—— f2sin’0)2 + : f log[(f cosf) + (r*— f* sin26)2]}

6,

2
+—4rt—‘(cos26)gl2 + {f[d— r(1- sinCs)] - —g—sin 2Cs} sinC,

: 8, =cos™ (i)
where the limits of integration areq ' 2r’.
0,=n-C,
The chip flow direction due to the effect of the nose radius can be written as
Qo= tan“(—--—I ]UM) (2-25)
DEN

Therefore the chip flow angle with reference to the normal to the straight side cutting

edge of the tool, Ny, can be defined using the angle Qo as depicted in Fig.2-8(b) as

N = g—— C, - Qo (2-26)

2.3.3 Modified Tool Angles and Equivalent Cutting Edge

Using three dimensional geometric analysis the equation for 1’]'0, which is the projection

of n, on the tool rake face plane as shown in Fig.2-9, is obtained as follows

.  —tanit tan o
n, - cos™! sect itanm, tan o, : @-27)

. \2 2 2
(tani—tanm, tan o, seci) +sec’ M,

The same technique and 7, are then used to obtain the equations for the equivalent
cutting edge normal rake angle, o, inclination angle i* and side cutting edge angle C’

which are given below
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i" =sin™ (cosm, sini —sinm, sin o, cosi)

o = sin_l(sectl‘; f;.“(’;;sj,‘,“’ j (2-28(a))
0

C; =C,+m
For a typical nose radius tool, modified tool angles associated with the equivalent cutting
edge and the general tool angles are shown in Fig.2-9.

In summary, a tool with a nose radius I and side cutting edge angle C;
inclination angle i and normal rake angle o, can be replaced by a tool having a single
straight cutting edge, ie., the equivalent cutting edge, with a side cutting edge angle C:,

e
35

> 5

axis of work

e - ~ f
/ g
axis of tool ;

P,
cutting
forces P;
P, , .
equivalent cutting edge

Fig.2-9 Equivalent Cutting Edge and Tool Angles
(after Arsecularatne et al, 1995)

inclination angle i and normal rake angle ¢... Assuming that the chip flow direction
satisfies Stabler’s flow rule, the chip flow angle n:, which is measured as the angle

between the normal to the equivalent cutting edge and the chip flow direction in the rake

face plane, is given by

Literature survey 41



Chapter 2

m, = i* (2-28(b))

2.4 Cutting Forces and Tool Temperatures in Oblique Machining

Once the geometry of the equivalent cutting edge is known, the same procedure as
described by Hu et al (1986) is used to determine the cutting force components. This
work is based on original analysis of Lin et al (1982) for a single straight cutting edge in
oblique machining and uses the following experimental observations:

1. For a given normal rake angle o, and other cutting conditions, the force
component in the direction of cutting, Fc, and the force component normal to the
direction of cutting and machined surface, Fr, are nearly independent of the cutting edge
inclination angle, i".

2. The chip flow direction satisfies Stabler’s flow rule over a wide range of
conditions.

It is assumed that Fc and Fr can be determined from the orthogonal machining
theory by assuming zero inclination angle irrespective of its actual value and with the
rake angle in the orthogonal theory taken as o . The tool angles associated with the
equivalent cutting edge given by Eq.(2-28(a)), together with the predicted values of Fc
and Fr and the value of n: determined from Eq.(2-28(b)), are then used to determine Fg

the force normal to F¢ and Fr, which results from a non-zero inclination angle, from the
relation

tann;) — F; cosal, tann;,
tanm, + cosi’

_ E.(sini" —cosi” sinat

F, (2-29)

[-IR 3 - TR )

sini” sinot
For a tool with a non-zero side cutting edge angle, the force components Fr and Fr no
longer act in the feed and radial directions. Therefore, the force components are
redefined as Py, P, and P3;, of which the positive directions are taken as the velocity,
negative feed and radially outward directions as shown in Fig.2-6. For the equivalent

cutting edge these are given by the following equations
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P =EF
P, = FcosC,+ FgsinC|

P, = E;sinC;+ F, cosC;

(2-30)

It is important to note that the force in the direction of cutting remains equal to Fc. As it
is Fc which determines the power expended in chip formation, it can be seen that with
this model, the oblique tool temperature can be taken as being equal to the temperature
calculated from the orthogonal theory.

Until now, it has been shown that the orthogonal machining theory can be
extended to predict the chip flow direction, cutting forces and temperatures in oblique
machining with nose radius tools by introducing the concept of an equivalent cutting
edge. In chapter 3, it will be shown that these predicted tool temperatures can be used to
determine the built-up edge formation range and tool life.

It is clear that the above methodologies for predicting cutting forces, tool life,
etc. for oblique nose radius tools using as a basis the variable flow stresses machining
theory can be used in obtaining the optimum cutting conditions. This will overcome the
disadvantages of the empirical approach used in the previous optimisation procedures
discussed in this literature survey. It should be noted that the plastic deformation of
cutting tools has not been considered as a constraint in the determination of optimum
cutting conditions in all the optimisation procedures discussed so far. This is partially due
to the lack of a methodology for predicting cutting conditions at which the cutting edge
of a tool starts to deform plastically; and partially due to the difficulty in calculating the
stresses inside the cutting edge. A survey on plastic deformation of tools will be given in
chapter 4, with a methodology and an analytical model. As a result, a more practical
optimisation procedure incorporating the above methodologies to determine optimum
cutting conditions is now available. All of these will be discussed in greater detail in the

following chapters.
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CHAPTER THREE - Modelling of the
Optimisation of cutting conditions
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3. Modelling of the Optimisation of Cutting Conditions

The operations that can be performed on a NC/CNC turning centre include turning,
drilling, grooving, threading and parting-off. They can be further classified as roughing
operation or finishing operation. As stated earlier, for each operation, a optimisation
procedure should be adopted in order to obtain the required pay-back. In view of
machining .economics, rough turning on a NC/CNC machine is by far the most important
operation since large amounts of material are removed thus increasing possible savings.
Rough turning is also the most complex operation since the process often involves
multiple passes, therefore feed, speed and depth of cut for each pass have to be
optimised. This chapter mainly considers the optimisation methodologies for turning

operations.

3.1 Economic Consideration and Objective Functions of a Single-Pass
Turning Operation

The ultimate objective of the optimisation of cutting conditions is to make the cutting
most economic by decreasing production cost and/or production time. The production
cost and time are given by Eq.(2-2) and Eq.(2-3) respectively. When considering the
effect of cutting conditions on cost and/or time, nonproductive cost C; and work
material cost Cs can be neglected. Then the production cost can be written as

(Arsecularatne et al, 1992)
t t
C. = X[tﬁ ts(%)] + Y(-,lz—,) (3-1)

where y is the cost per cutting edge for a turning tool with an indexable insert which is

determined using the following equation

_ cost of holder + cost of insert 3-2)
400 0.75x number of cutting edges
while the production time is given by
t
t=t,+t, (—%) (3-3)
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From Eq.(3-1) and Eq.(3-3), it can be seen that tool life T is one of the parameters
which affect the production cost/time. It may be stated that in any operation, when a tool

material with higher tool life T is used while the other parameters (i.e. x, y, t, and t3) are

held constant, the number of tool changes (or the number of cutting edges needed) —tTi

will be reduced, then the production cost/time will decrease.
Using a modified form of extended tool life equation, the tool life can be

expressed as

A, (3-4)

- Ub:tzzwdz
where t. and w are cut thickness and width of cut (Fig.2-5) with reference to the

equivalent cutting edge (t. and w can be calculated using f, d and the equivalent cutting

edge angle C: for a oblique process using (Eq.(3-25)). It should be noted that this form
of tool life equation (Eq.(3-4)) is used in this work because, as will be seen later, the
constant A, as well as exponents by, c; and d; do not depend on a number of tool
geometrical parameters thus substantially reducing the amount of empirical tool life data
required.

Using t, and w, the volume of metal removed can be calculated as

W =t,Ut w (3-5)

In developing the necessary equations the minimum cost criterion is considered
as shown below. From Eqgs.(3-1), (3-3) and (3-5), the cost per unit volume of metal

removed (that is specific cost) can be obtained as

C X, (xty+y) Ut

C .=—t= 3-6
W Utw Aw (3-6)
By simplifying Eq.(3-6) further
t,+y)Untow
Cspeci = 1 X+ (x 2 y) e W
Ut w A, 3-7
By eliminating U in Eq.(3-7) using Eq.(3-4)
1 L 1,
= XT® + (xt,+ y) T (3-8)
speci Ai/bt tgbt—c,)lb,w(b,—dt)/b,
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According to Eq.(3-6), for given values of U and t. the specific cost decrease
continuously as w increases. Thus a given amount of material can be removed most
economically by using the maximum available width/depth of cut. From Eq.(3-8) the
optimum value of tool life T for minimum specific cost can be obtained as
T, = (b 1)(t3+§j (3-9)
Similarly, by setting x=1 and y=0 in the above relevant equations, the time per

unit volume of metal removed (that is specific time) can also be obtained as

¢ oo 1 (1+t3U"‘t§‘wd'
speci
Ut .w A,

) (3-10)

while the optimum value of tool life T for minimum specific time can be obtained as
Ty = (b,—1)t, (3-11)
For given values of w and T, it can be shown that material can be removed more
economically by using a higher t. and low cutting speed (Arsecularatne et al, 1992).
Using Eqs.(3-4), (3-9) and (3-11), for given values of w and t, the optimum cutting

speed for minimum specific cost/time is given by

1
A b,
Uppe = [————T o ) (3-12)

opt ¢
It should be noted that, for different optimisation criteria, Ty, in Eq.(3-12) is calculated
using a different equation (Eq.(3-9) or Eq.(3-11)).

3.2 Optimisation Procedure

Using the objective functions discussed in section 3.1 and the constraints that will be
discussed in section 3.3, the optimum cutting conditions can be obtained using the
optimisation procedure given below.

The cutting conditions that need to be optimised are depth of cut, feed and
cutting speed. The method adopted here, in order to determine the optimum depth of cut
and feed, is a direct search procedure on the d-f plane. The d-f plane is defined by the

minimum and maximum values of depth of cut and feed available for the given operation,
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tool, machine and work material. Alternatively these values can be specified by the user.
To start with, the d-f plane is divided into a grid. For machine tools which have infinitely
variable feeds and speeds, the grid can be determined by the user, say 10X 20, as shown
in Fig.3-1. For conventional machine tool, the d-f plane is divided into a grid determined
by the limited number of feed steps, i.e. only the available discrete feed provided by the
machine can be used. Some of the grid points will not be feasible since certain constraints
will limit the material removal process (section 3.3). The feasible region is usually
separated from the non-feasible region by the arrows, as shown in Fig.3-1. The specific
cost/time of machining at each of the feasible points can be determined. However, the
point at which the cost/time is a minimum always lies on the boundary separating the
feasible and non-feasible regions (Hinduja et al, 1985; Arsecularatne et al, 1992).
Therefore, it is not necessary to consider all the points on the d-f plane. This will

considerably reduce the amount of calculations.

Optimum point O Feasible point
X Non-feasible point

Non-feasible region

Depth of cut d (mm)

Feasible region

fimin fopt

Feed f (mm/rev)

Fig. 3.1 Region for Optimisation and Search for the Optimum Point
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The search procedure starts from point O in Fig.3-1 and the steps involved are:

Step 1. Determine the equivalent cutting edge geometry for the given oblique
nose radius tool, depth of cut and feed as discussed in section 2.3.3 (Eq.(2-25)). Then
determine the corresponding cut thickness t. and width of cut w with reference to the
equivalent cutting edge (Eq.(3-25)).

Step 2. For a grid point defined by (d;, f;) the optimum cutting speed is calculated
using Eq.(3-12). T,y is the tool life calculated using the appropriate objective criterion
(i.e. minimum cost or maximum production rate). If the user do not have the relevant
cost and time data (required for the economic criterion) then he/she can specify the tool
life directly.

Step 3. The optimum cutting speed calculated in step 2 is checked for the tool
plastic deformation and power constraints discussed in section 3.3. If it violates these
constraints then the point may still be feasible but a sub-optimum speed U is calculated
to satisfy these constraints. If it is non-feasible (eg. Point 1 in Fig.3-1) then the point with
the next lower depth but with the feed on the same line (point 2) is tested and the method
returns to step 1.

Step 4. The optimum/sub-optimum speed calculated in step 2 is checked for built-
up edge (B.U.E.) constraint. If it violates this constraint or the resulting tool life is
unacceptably high then the point becomes non-feasible. If it is non-feasible then the point
with the next lower depth of cut but with the same feed is tested and the method returns
to step 1.

Step 5. If it is feasible (point 3) the specific cost/time of machining is calculated
for this point using the appropriate values t. and w (with reference to d, f) and U (Egs.
(3-7), (3-10)). The point on the grid with the same depth but a higher feed is considered
next (point 4) and the method returns to step 1.

Step 6. Steps 1 to 5 are repeated until the first non-feasible point on the lowest
depth line or point M is met. The optimum depth of cut, feed and cutting speed are given
by the point at which the specific cost/time is a minimum.

It should be noted that the parameters such as cutting forces, stresses, temperatures, etc.,
which are needed for checking the above constraints (section 3.3), should be recalculated
every time when any of the cutting conditions (i.e. depth of cut or feed or cutting speed)

are changed.
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3.3 Constraints

Due to relatively higher depths and feeds and hence resulting high cutting forces, rough
turning operations are generally affected by a number of constraints including available
power and tool strength which are influenced directly by cutting forces generated. It is
true that, in practice, the specific production cost and/or the specific production time
should be minimised by choosing optimum cutting conditions while satisfying a number
of practical constraints which limit the permissible values of cutting conditions. The
determination of optimum cutting conditions becomes increasingly complex as more
technological constraints such as available feeds and speeds, maximum depth of cut,
cutting edge plastic deformation as well as available torque and power of machine tool
are incorporated. All the pertinent constraints should not be violated in the obtaining of
optimum cutting conditions. The methods used to check these constraints are discussed

in the following sections.

3.3.1 Tool Plastic Deformation

Cutting tools have a tendency to deform plastically under the influence of the high
compressive stresses and temperatures encountered during machining at high speeds and
feeds. Plastic deformation of the tool changes the geometry of the cutting edge which in
turn causes accelerated rates of tool wear, resulting in a decrease in tool life and in the
machined surface quality, as well as catastrophic tool failure. In obtaining the optimum
cutting conditions it is important to predict the conditions that cause the cutting edge’s
plastic deformation and avoid them.

The starting point for predicting the conditions giving plastic deformation of the
cutting edge is to calculate the maximum shear stress Tmax in the region of the tool

adjacent to the cutting edge. Tmxx can be determined using the stress analysis method
presented in chapter 4 (Eq.(4-5)). If the boundary stresses of O, Tint, Ot, Tr (Fig4-3) are
known, Tmax can be determined. Using the failure criterion (Eqs.(4-6) and (4-7)) and high

temperature uniaxial compression test data such as that given by Trent (1968), the
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cutting speed Upgic (for given feed and depth of cut) which gives plastic deformation of
the tool in oblique machining, can be determined if the temperature T;, (Section 2.2,
machining theory) are known. The stress analysis model for the determining T, and the
methodology for predicting cutting conditions at which the cutting edge of a tool starts
to deform plastically will be given in greater detail in chapter 4.

Obviously, for any selected cut thickness t; and width of cut w (or: feed f and
depth d), the selected cutting speed U should satisfy

U < Uplastic (3-13)

3.3.2 Machine Tool Torque/Power

The available torque/power in the machine tool is also one of the most important
constraints that must be considered in obtaining optimum cutting conditions, especially in
rough machining. For a given radius of cutting r,, and selected cutting speed U, the

machining torque T, and power required P, in a turning process are given by

Trq = Erw (3-14)
P, =F o = 5Nk oy Ny TN T (3-19)
M telen 60 60 H 30

where F. is the corresponding force component in direction of cutting, Ny, is the spindle

speed given by N_ = . It can be seen that, for given 1, and U, both the required
P Y Ny

21T

w

machining torque T, and power P, will only depend on cutting force F.. These
parameters are interrelated because one can be derived from the other.

The consumed power in rough turning depends on cutting speed and cutting
force (Eq.(3-15)). The cutting force mainly depends on the selected cut thickness t. and
width of cut w (or: feed f and depth d ). Hence the cutting power involves all the three
cutting parameters, i.e. cutting speed U, cut thickness t. and width of cut w (or: feed f
and depth of cut d ). Consequently, the available power would have severe restrictions
on the choice of feed (or cut thickness t. ) and cutting speed, particularly for rough
turning operations in which the tendency is to use the maximum allowable feed f,,, (or

the maximum allowable value of cut thickness t.).
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Fig. 3-2 Power-Speed Characteristics of the Machine

Fig.3-2 shows the power/speed characteristics of a typical D.C. motor drive used
in a CNC turning centre. It should be noted that there are three speed ranges in Fig.3-2.
When the workpiece is cut on such a CNC turning centre, the required torque/power
must satisfy the requirements of this power/speed characteristics. For example, in the
speed range 0 to Nyea; available torque is a maximum and is given by

_ 1000xP,..,; _ 30x1000xP,., 30000XP, .,
27 (N prea 1/ 60) T Nprear 1 T Nirear s

(3-16)

Tiax

For given value of feed f and depth of cut d (or, cut thickness t. and width of cut w) and
U, if the required torque to machine the component is greater than Trmax , the grid point

of fand d (Fig.3-1) becomes non-feasible. If the cutting conditions f, d (or, t. w) and
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U are feasible, the power required to machine the component which can be determined
using Eq.(3-15) should meet
P, <P, (3-17)

rq

where P,, is the maximum available power at spindle speed, Nrq . It should be noted that,

if P, >P, and N>N,_., then the point fand d may still be feasible but a new
value for U should be calculated so thatP,, = P,,. At cutting speed U=27ryNpreax1, if

P, > Pyear: then the grid point of fand d becomes non-feasible.

3.3.3 Minimum and Maximum Tool Life Values

It is assumed that tool life equation (Eq.(3-4)) is valid for T only in the range
T ST<T,, . For given t, w and U the tool life is calculated using Eq.(3-4). If this
value of tool life is less than Ty, cutting speed is reduced so that T = Ty, If, on the
other hand, tool life is greater than Ty, the corresponding combination of f and d is

considered to be non-feasible.

3.3.4 Available Feeds and Speeds of the Machine Tool Used,
as well as the Minimum and Maximum Feeds/Depths
for Tool and Workpiece

The optimum cutting speed calculated based on the economic criterion may not be
available on the machine tool used because speeds are provided in a limited number of
steps, unless the machine is provided with continuous variation of speed in which case
the calculated speed can be used. The same applies to feed. For machine tools which
have infinitely variable feeds and speeds, the selected feed f and the calculated speed U
must lie within the available range of feed and the available range of speed respectively.
For a conventional machine tool, only the available discrete feed and speed which are
closest to the selected feed and the calculated speed can be used. The selected feed f and

the calculated speed U must satisfy
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fmmin Sfomma.x (3_18)
U, o SUSU, (3-19)

where i min, fm max, Um min and Uy max are the minimum or maximum available feeds
and speed provided by the machine tool.
A given combination of d and f also must satisfy

dypn <d<d
f

t min

t min t max (3'20)

<f <f

t max (3-21)
where di min and f; min depend on the operation, tool and work material. For a turning
tool with a noise radius, most tool manufacturers recommend that d; max and fi max

could be calculated as follows

2

Aymax =7 1 (3-22)
3

f__ =08r, (3-23)

Alternatively d; max and f; max can be specified by the user. So the selected feed must
satisfy
f

t min <f< fmax ' (3'24)
where, fax = min (f; max, fm max)- The region for optimisation in Fig.(3-1) is obtained

using these values of d¢ min, dtmax, ft min and fmax.

3.3.5 Built-up Edge Formation

Under some machining conditions the chip material welds itself to the tool face
and then forms a built-up edge (B.U.E.). Often the B.U.E. continues to grow and.
then breaks down when it becomes unstable, the broken pieces being carried
away by the underside of the chip and the new work piece surface. This cycle of
building up and breaking of B.U.E. happens periodically and the machined
surface gets dotted with portions of the broken built-up edge. With an unstable
B.U.E., the highly strain-hardened fragments which adhere to the chip
undersurface and the new work piece surface, can increase the tool-wear rate by
abrading the tool faces. A B.U.E. can also contribute to sudden tool failures

when tools with carbide inserts are used. For example, when a tool is suddenly

Modelling Of The Optimisation Of Cutting Conditions v 54



Chapter 3

disengaged, a portion of built-up edge may be torn off, taking with it a fragment of tool
material.

It was also pointed out that (Armarego and Brown, 1969) B.U.E. formation can
be a periodic effect which excites vibration of the machining system, irrespective of the
natural frequencies of the machining system. So it can be concluded that B.U.E. is one of
the principal factors affecting surface finish, tool wear, tool failure and the vibration of a
machining system, etc..

Since cutting conditions play a considerable part in the formation of the B.U.E.,
the prediction of the cutting conditions giving a B.U.E. is most important. Generally
speaking, changes in depth, feed or speed that would reduce the tool chip interface
temperature, increase the tendency to form a B.U.E.. For a given work and tool material
combination, the ranges of speed and feed causing B.U.E. can be determined using the
experimental graphs such as that prepared by Trent (1968).

For plain carbon steels it has been shown (Oxley, 1989) that when the values of
Tmoa at the tool-chip interface are higher than (approximately) 700K it follows that the
layer of chip material adjacent to the interface that has the highest temperature in the
chip is the weakest; therefore deformation should occur in this layer. However, as a
result of dynamic strain ageing this is not true for values of Tny in the range
(approximately) S00K< Tmea<700K, and for such cases the chip will generally be weaker
some distance from the interface where the temperature is lower. Noting this and the
experimental results obtained from machining tests it was proposed that (Oxley, 1989)
® if Toa >700K then there would be no built-up edge but that for lower values
there will be,

(i1) even if Ty <700K there will be no built-up edge if T;, >1000K.

Using the experimental results obtained from bar turning tests it has been shown that the
built-up edge range can be predicted exceptionally well using the above two criteria.
These experiments were carried out under orthogonal conditions (Oxley, 1989) and
under oblique conditions using nose radius tools (Arsecularatne et al, 1996).

The parameters such as tool life, cutting forces and temperatures, etc. that can be
used are limited by the above constraints, therefore it is necessary to estimate these

parameters with a reasonable degree of accuracy. The following sections describe the
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methods used to calculate the above parameters in oblique machining with nose radius

tools.

3.4 Prediction of Cutting Forces, Temperatures, Stresses, etc.
in Oblique Machining With Nose Radius Tools

As stated in chapter 2, for given cutting conditions and with a knowledge of the work
material properties, the variable flow stress machining theory, which takes account of
variations in work material flow stress with strain, strain-rate and temperature, can be
used to predict cutting forces, temperatures, etc. for the relatively simple case of
orthogonal machining (plane strain). It was also pointed that, by introducing the concept
of an equivalent cutting edge (Arsecularatne et al, 1995), this theory can be exténded to
the more general case of oblique machining.

In chapter 2 it was pointed out that a tool with a nose radius I, and side cutting
edge angle C,, inclination angle i and normal rake angle o, can be replaced by a tool
having a single straight cutting edge, ie., the equivalent cutting edge, with a side cutting
edge angle C: » inclination angle i’ and normal rake angle o . Since the force component
in the direction of cutting, Fc, and the force component normal to the direction of cutting
and machined surface, Fr, are nearly independent of the cutting edge inclination angle
(Oxley, 1989), it is assumed that Fc and Fr can be determined from the orthogonal
machining theory (Eq(2-4)) by assuming zero inclination angle irrespective of its actual
value and with the rake angle in the orthogonal theory taken as o, . Then Fy, the force
normal to F¢ and Fy which results from a non-zero inclination angle, can be determined
using Eq.(2-26). It should be noted that, for a tool with a non-zero side cutting edge
angle, the force components are redefined as P;, P, and P; which can be determined
using Eq.(2-27). The force in the direction of cutting, P; remains equal to Fc. Noting this
and that the power expended in chip formation is determined by Fc, it was proposed that
with this model, the oblique tool temperature can be taken as being equal to the
temperature calculated from the orthogonal theory.

The above approach for predicting cutting forces, temperatures, stresses, etc. in

oblique machining with nose radius tools (a tool with a nose radius I, and side cutting
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edge angle C,, inclination angle i and normal rake angle o) can be described briefly as
follows.

For given cutting conditions (f, d and U ) and with a knowledge of the work material
properties,

(1) calculate the angles associated with the equivalent cutting edge, i.e. side cutting
edge angle C, , inclination angle i” and normal rake angle o, using Eq.(2-25).

(ii) calculate the corresponding cut thickness t. and width of cut w (Fig.2-5) using f,

d and the equivalent cutting edge angle C: for a oblique process

t. =fcos C;
d (3-25)
w = -
cos C,

(i) by assuming zero inclination angle irrespective of its actual value and with the
rake angle taken as o (Eq.(2-25)) as well as the corresponding cut thickness t. and
width of cut w (Eq.(3-25)), using the equations in the orthogonal theory, the cutting
forces (Eqs.(2-4), (2-26) and (2-27)), temperatures (Eqgs.(2-12), (2-13) and (2-15)) and
stresses (Egs.(2-18) and (2-19)) can be predicted for the oblique machining process with
nose radius tools. '

The parameters obtained using the above method are sufficient to consider the
constraints (section 3.3) in determining optimum cutting conditions in oblique machining
with nose radius tools.

It will be seen that the temperatures determined using the above method can also

be used to predict tool life for oblique machining with nose radius tools.

3.5 Prediction of Tool Life in Oblique Machining

In order to determine the optimum cutting conditions it is necessary to estimate the tool
life. For this purpose, the extended Taylor equation (Eq.(3-26)) is normally used.

__ A,
Ubnf"xlddu

In this equation the influence of operator controllable variables d, f and U on tool life is

(3-26)

independently considered. Although this type of equation can be used to obtain good
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estimates of tool life, one major disadvantage is that the constants A, by, ¢, and dy
depend on many parameters such as work material, tool material and tool geometrical
parameters that include rake angle, nose radius and side cutting edge angle. Thus, every
time any one of the above parameters changes, a new set of constants will be required,
hence a huge amount of experimental tool life data will be needed.

In order to overcome this problem the modified form of extended tool life
equation (Eq.(3-4)) is used in this work. Based on the machining theory, a method which
greatly reduces the reliance on experimental data has been developed to obtain the
“constants for Eq.(3-4). This method will be discussed in greater detail in chapter 5 with
an example to illustrate the method.

A computer program which incorporates all the methods and optimisation
procedure discussed in this chapter has been completed to determine the optimum
cutting conditions in oblique machining with nose radius tools. This program will also be

presented in greater detail in chapter 5.
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CHAPTER FOUR- Prediction of Cutting Conditions
Giving Plastic Deformation of the
Tools in Oblique Machining
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4. Prediction of Cutting Conditions Giving
Plastic Deformation of the Tools
in Oblique Machining

4.1 Introduction

The tendency of cutting tools to deform plastically under the influence of the high
compressive stresses and temperatures encountered during machining at high speeds and
feeds has been discussed by a number of researchers. Plastic deformation of the tool
changes the geometry of the cutting edge which in turn causes accelerated rates of tool
wear, resulting in a decrease in tool life and in the machined surface quality. Plastic
deformation can also cause catastrophic tool failure which can damage the component,
the tool and/or machine tool and thus interrupt the machining process substantially. In
obtaining the optimum cutting conditions it is important to determine the conditions that
cause tool plastic deformation and avoid them.

This chapter presents a method by which the cutting conditions giving plastic
deformation of a tool can be predicted in turning with oblique nose radius tools using as
a basis the orthogonal machining theory developed by Oxley (1989) and his co-workers.
As stated early, this theory, which takes account of variations in work material flow
stress with strain, strain-rate and temperature, has been applied with considerable success
in predicting cutting forces, temperatures, etc. from a knowledge of the work material

properties and the cutting conditions.

4.2 Review of Previous Work

One of the weakest elements in a machining system is the cutting tool being used. The
efficiency and reliability of an advanced machining system involving greater capital
investment depend on the degree of failure resistance of the cutting tool. It is generally
assumed that one of the main causes of ending the life of a tool is gradual wear. Plastic

deformation of the cutting edge due to the extreme working conditions of high stresses
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and temperatures tends to accelerate tool wear, chipping of the cutting edge and/or the
breakage of the tool.

The phenomena of plastic deformation of a tool has been discussed in a number
of papers. Cook and Goldberger (1982) have outlined a method of selecting the feed to
give maximum metal removal rate using the results obtained from tool life tests when
machining 4340 steel using carbide (Carbaloy 370) tools. For a given feed, tests were
made at a number of cutting speeds and the results were cross-plotted to determine the
speed which would give a flank wear land width of 0.25 mm after 10 minutes of cutting.
When plotted on a log (speed) versus log (feed) graph they were able to represent the
tool life results by two straight lines with the line for the higher feed range steeper than
that for the lower feed range. It was also shown that the feed corresponding to the
maximum metal removal rate is given by the feed value at the intersection of the two
lines (referred to as fm.). Cook and Goldberger have shown how this f . value
decreases as the hardness of the 4340 steel is increased. They also carried out a series of
tool-life tests to determine the feed required to actually break the tool-tip. It was found
that the value of f*,.x (based on wear) was substantially less than the feed required for
fracture. Cook and Goldberger offered no explanation of why their results show that it is
necessary to reduce the cutting speed far more rapidly with increase in feed above f nax in
order to maintain the same tool life. Nachev and Oxley (1985) in considering this
observation suggested that f ,,x corresponds to those conditions where the cutting edge
starts to deform plastically. This is also consistent with the experimental results of Trent
(1968) and Kuljanik (1992) which show that accelerated rates of flank wear can occur
when the flank face is bulged outwards by the high stresses acting on the rake face.

Trent (1968) pointed out that cutting tools were subjected to localised stresses,
largely compressive, near the cutting edge at the high temperatures. When machining
steels, the normal stresses on the tool rake face were frequently of the order of 770 MPa
or higher, and the temperatures in this region were 1000 °C or higher, so the most
frequently observed plastic deformation was a depression of the rake face and a bulge on
the clearance face of the tool close to the cutting edge. Fig.4-1 shows diagrammatically
the shapes of plastic deformation of cemented carbide tools in use. Considering the

factors which affect the tool deformation,Trent pointed out that high
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Fig. 4-1 Shapes of Plastic Deformation of Carbide Tools in Use
(after Trent, 1968)
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cutting speeds and/or feeds tend to cause tool plastic deformation, and that the high
temperature compressive strength of the tool material was one of the factors controlling
deformation of the tool. A method was given for measuring the compressive strength of
tool materials under conditions up to 1300 °C or higher. Trent found that carbide tools
could be plastically deformed by 5% to 10% without visible fracture damage to the
structure. He measured the 5% proof stress for a range of carbide cutting tool materials.
To an appreciable extent, the 5% proof stress could be used to represent the high
temperature strength of tool materials. He also suggested that the high rates of metal
removal attainable with carbide tools results mainly from their ability to resist plastic
deformation of the cutting edge at high temperatures.

Kujanic (1992) investigated the phenomenon of the macro plastic deformation of
the carbide tools. He found that the macro plastic deformation took place approximately
three seconds after the start of a cut when an extensive flank wear and vibrations
appeared. Since the force component in feed direction had the highest increase when the
macro plastic deformation occurred, it was considered as the most sensitive force by
which the macro plastic deformation could be detected. He pointed out that the macro
plastic deformation of the cutting edge should be considered in determining the cutting
conditions under which a tool would be utilised at its maximum. He also proposed a
- method to avoid the tool macro plastic deformation by first decreasing the cutting speed
followed by feed and depth of cut, respectively. But a quantitative method for
determining the required decrease in either cutting speed or feed or depth of cut to avoid
macro plastic deformation of the cutting tool was nat given.

Nachev and Oxley (1985) presented a method to predict those cutting conditions
giving plastic deformation of the cutting edge using the tool stresses and temperatures
predicted from machining theory together with the high temperature compressive
strength data of the tool material given by Trent (1968). Their approach is now
considered. In predicting those conditions which will cause plastic deformation of the
cutting edge the factors of interest are the tool stresses and temperatures. The machining
theory used, assumes a perfectly sharp tool with no forces acting on the clearance face
and provides values of average stresses and temperatures on the tool rake face. Nachev

and Oxley assumed that the average tool-chip interface temperature, Tiy
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Fig. 4-2 Curves of Tool Material (S25M) Hot Compressive Strength and

Predicted Tool Stresses and Temperatures
(after Nachev & Oxley, 1985)
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can be taken to represent the cutting edge temperature and that the average normal stress
at the interface oy would be the stress that causes deformation of the cutting edge. They
calculated the values of oy and T, from the machining theory for two plain carbon steels
(0.19%C and 0.48%C) for feeds in the range 0.2 to 0.5 mm/rev and cutting speeds in the
range 100 to 500 m/min. Calculations were made for only one rake angle, i.e. 0=5°,
which was the rake angle of the tips used in the subsequent tests. The predicted results
for on and T, were then plotted (Fig.4-2) together with the curve which was assumed to
represent the hot compressive strength properties of the tool material. The Gy lines given
in Fig.4-2 are lines of constant feed with cutting speed increasing along the lines from left
to right. The intersections of the oy curves with the curve representing the compressive
strength of the tool material were assumed to give the feed/speed combinations at which
the tool starts to deform plastically. In order to determine the accuracy of these
predictions Nachev and Oxley carried out bar turning tests using similar work and tool
materials as used in making the predictions. In the tests, the feeds used were the same as
those used in making predictions and the starting cutting speed in each test was selected
to be approximately the same as the speed at which deformation was predicted to occur.
By varying the speed in subsequent tests, they were able to determine the speed at which
the tool starts to deform plastically within 50 m/min. When the predicted results were
compared with the experimental results, reasonable agreement was found to exist.

It should be noted that the estimation of the stresses generated in a cutting tool
during machining is the first step in predicting conditions that would cause tool failure
due to chipping, plastic deformation, fracture, etc. of the cutting edge. There also have
been a number of attempts to determine these stresses and these are now considered.

Tlusty and Masood (1978) studied chipping and fracture of carbide tools. They
carried out interrupted and continuous turning tests using C6 and C7 grade carbide tools
on three steel work materials (AISI-1040 steel and two AISI-4340 steels with 217 BHN
and 380 BHN respectively). After examining the chipped surfaces of the tool tips they
suggested that chipping was accompanied by some plastic flow and concluded that
chipping is a ductile failure due to high shear stresses at the cutting edge. The fractured
surfaces were found to indicate brittle failure occurring as a result of tensile stresses. A

stress analysis in the tool carried out using a finite element method was found to support
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the above findings. Shear stress maxima were found close to the cutting edge at levels
corresponding to the shear flow strength of the tool materials used. A local maximum
tensile stress with a magnitude corresponding to the transverse rupture strength of the
tool materials was noted at a distance which coincided with the origin of the
experimentally observed fracture.

Sampath et al (1984), in their study of fracture probability for tungsten carbide
(6%Co) tools turning AISI-4340 steel under steady state cutting conditions,
microscopically examined fractured surfaces (fractography) produced by tensile failure
and shear failure of tool specimens. They found that the difference in appearance of shear
and tensile fracture surfaces was not sufficiently distinctive to enable the character of the
fracture to be accurately identified based on fractography alone. It should be noted that
above findings conflict with the observations of Tlusty and Masood.

Kronenberg (1966) investigated the stresses generated in a tool using the
equation for radial stress derived for a wedge with a force applied at the apex. This
equation, when applied to a point at the apex where r=0, gave an infinite radial stress. He
pointed out that this would indicate immediate breakdown of the cutting edge unless an
edge radius was used. Assuming that the stresses generated at the tool face are of
primary interest in determining the conditions of tool failure due to stresses, he simplified
the above equation to determine the stresses in the tool face. He used this equation to
determine the angle of the resultant cutting force with reference to the bisector of the
tool wedge (0.) that would cause zero stress in the tool face. He argued that if the
angle of the resultant cutting force caused by tool geometry, cutting conditions, etc. was
greater than 0,,,, there would be tension in the tool face, which is undesirable for carbide
tools. If the angle is smaller than 6. the tool face would be under compression, which is
desirable. He also used the same analysis to show that the chance of generating tension in
the tool face was considerably less for tools with negative rather than positive rake
angles. The above analysis, however, did not consider the effects of increased tool
temperatures during machining.

‘In this work, in order to predict the conditions giving plastic deformation of ‘the
cutting edge, a method similar to the one presented by Nachev and Oxley (1985) will be
used. In the method developed by Nachev and Oxley (1985) the shear stress acting on
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the tool rake face and the normal and shear stresses on the flank face were not taken into
account, and it was assumed that the average normal stress on the tool rake face was the
stress that causes deformation of the cutting edge. In their work, attention was also
limited to approximately orthogonal conditions. Therefore, in this present work more
realistic account is taken of the mode of cutting edge failure under the action of all of the
stresses acting by considering a criterion of failure based on the maximum shear stress at
the cutting edge. The analysis is also extended to oblique conditions for a tool having a

nose radius.

4.3 Calculation of Stresses Inside the Cutting Edge of a Tool

4.3.1 Stress Analysis in the Cutting Edge Region of a Tool

The starting point for predicting the conditions giving plastic deformation of the cutting
edge is to make a stress analysis of the region of the tool adjacent to the cutting edge. As
stated earlier, although Kronenberg (1966) has done this previously, he limited his
attention to a wedge under the action of a single load acting at the wedge apex. In the
present work account is taken of the stress distributions at the rake and flank faces of the
tool rather than reducing these to a single force.

It was well known that the tool may deform plastically due to the cutting forces
acting on it. When the physical stresses inside the cutting edge satisfy a critical stress
condition, the cutting edge starts to deform plastically. There are three basic internal
stresses in a cutting tool: compression, tension and shear stresses (Nash, 1994). The
values and distributions of these internal stresses vary with the stress distributions on the
tool-chip interface and the flank face of the tool, which are the boundary conditions in

the stress analysis.
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It is advantageous to use polar coordinates in analysing stresses inside the

cutting edge of a tool which can be considered as a wedge loaded along the faces. Fig.4-

3 shows the stresses assumed to act at the cutting edge in the analysis. For the sake of

simplicity the rake and clearance angles of the tool are assumed to be zero

which is reasonable for carbide tools. The normal and shear stress distributions on the

rake face are assumed to be uniform. In support of ‘this it should be noted that

Arsecularatne (1997) who reviewed the experimental methods used to determine rake

face stress distributions and the reported results concluded that, for a sharp tool, shear

and normal stresses reach constant values as the cutting edge is approached. At this

stage, and lacking more detailed information it also seems reasonable to assume uniform

stress distributions on the flank face.
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Consider the equilibrium of the element P at r, 8 (Fig.4-3). The normal stress
components in the radial and circumferential directions are denoted by o, and ©, while
the shear stress component is denoted by .. From the equilibrium of the element P in the
circumferential and radial directions (neglecting the body force), the general form of

relations for the stress components can be obtained as shown by Timoshenko and

Goodier (1987) in the form
1oy 1 3%y
=
=7 or r? 06?
oty
Oy = 32 (4-1)
1 oy 13%y

T = r> 90 r ord®

where V is the appropriate stress function.
~ For the boundary conditions given in Fig.4-3, the following equations for these
stress components can be obtained using the expression for y given by Timoshenko and

Goodier (1987).

o, = %[(cosZG - 1oy —(cos20 +1)0

—(sin29 +%c0820 ~20 +—’;-)rm —(sin20 —%00529 +20 —g)cf]

O, =-%[—(cos26 +1)0  +(cos20 —1)o, “4-2)

+(sin29 +12E—cos26 +20 —%)rm +(sin20 —-—Z—cosZG ~20 +%)¢f]

T.o = %[(sinZG)GN +(sin28)c,
T, T .
+(-2—sm29 —c0s20 -1)yt, , — (Esm20 +c0s20 ~1)t,]

The maximum shear stress at P, Tmsx can be obtained in terms of the above stress

components as
6,-0,Y
Tpmax = \/"':r()2 +( 2 9 r) (4'3)
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To get the maximum shear stress Tmax i.€. the maximum value of Tyma, differentiate Tomax
(Eq.(4-3)) with respect to 8 and set it to zero, then the maximum shear stress inside the

cutting edge of a tool 7T.. Occurs at a value of 8 given by

(0 GN)+ (Txnt - f)

tan 20 = - (4-4)
T, + *cim
with T, then given by
(i) when [(6;~0,)+— (1:lm 1)1 20
1 1 [(Gf ) +— ('t int f)]2
Tmax = E(Tf _Tint)+

2
J[(cf _GN)+_(Tint -t )P+, +1,)°
1 (Tlnt+1f)

\/[(of—c,v)+ @ =T + T +T¢)°

?

and

(ii) when [(of—cN)+%(1:m—rf)] <0:

. (O =0 )+ @ =T

—(‘C —To)— “4-5)
\/[(cf )+ (r,nt TP + @y +7,)

_1 (’cim+tf)

2 \/[(Gf “GN)+‘TZE‘(Tim _17f)]2 +(Tin +Tf)2

Note that the maximum shear stress in the tool Tnax does not depend on r. This is due to
the assumption of uniform shear and normal stress distributions on the rake and flank
faces of the tool near the cutting edge. Beyond this region Tm.x will depend on r.
However, since deformation is mainly restricted to the cutting edge region, as will be
seen later, it is sufficient to consider 7T, in the region where constant boundary stresses
apply.

Note that when considering plastic deformation of a tool working at high temperatures,

the failure criterion can be taken as (Nash, 1994)
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o

comp

2

[T | 2 4-6)

where Gcomp is the uniaxial compressive strength of the tool material at the onset of
plastic deformation. In practice, it is assumed that when Tn.x reaches a value of Gy 05/2,
1.e. when

00.05 (4_7)

lﬂcmxlzv >

the tool starts to deform plastically where Gpos is the 5% proof stress for the tool
material determined from high temperature uniaxial compression test data such as that
given by Trent (1968).

Thus Tp. and hence the cutting edge plastic deformation conditions can be

determined if On, Tin, Of, T and Ty are known. Oy, Tin and Tiy can be predicted using

the methodology described in section 3.3. ©;, T; can be calculated using the method

described in the following section.

4.3.2 Stresses on the Tool Flank-Work Interface

As mentioned earlier, when the cutting edge radius is small enough to be neglected, it is
reasonable to assume uniform shear and normal stress distributions on the tool flank-
work interface as shown in Fig.4-3. Based on an investigation on the contribution of the
tool flank wear to cutting forces in orthogonal machining, Li (1991) pointed out that the
tool flank-work interface shear stress T¢ and normal stress O; can be obtained using the

empirical relations:

0.0528F;
O = —t
; (4-9)
T. = 0.0671F-
f t
where t., Fc and Frare cut thickness, cutting force and feed force, respectively.
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4.4 Prediction of Cutting Conditions Giving Plastic
Deformation of the Cutting Edge of a Tool

4.4.1 Load Conditions of a Tool

In predicting the conditions which give plastic deformation of the tool, the maximum
shear stress in the tool was determined from Eq.(4-5). In making the calculations the
following three cases of tool loading were initially considered:

Case I, when on 20, Ti,#0, 0:20, and T;#0.

Case II, when oy #0, Tin#0, and o= 7:=0.

Case III, when oy #0 and T;, = 0; = T:=0.

It can be seen that Case III is that considered by Nachev and Oxley (1985) in which case
as shown by Eq.(4-9),

GN
T = 4-9

It should be noted that in considering cutting edge deformation only the stresses
acting on element P as shown in Fig.4-3 have been taken into account. This neglects the
possible influence of the stresses normal to the plane in Fig.4-3. Preliminary calculations

show that this will only introduce an error in Case II and that this error is relati\}ely small.

4.4.2 Prediction Methodology

In applying the above three cases to predict the cutting speeds which will cause plastic
deformation of the cutting edge the method used was basically the same as that depicted
in Fig4-2 and described earlier in section 4.2. However, as the maximum shear stress Tpax
is now used as the failure criterion, Trent’s curve is plotted in terms of maximum shear
strength which is taken as half the value of the corresponding hot coxhpressive strength.
The predicted cutting speeds giving plastic deformation are then taken to be the values at

the intersections of this curve with the T« curves calculated from the machining theory

and Eq.(4-5).
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A éomputer program written in C-language is used in the present work to make
all of the necessary calculations (chapter 5). The input data to the program includes:
work material composition, tool geometrical data (rake angle, inclination angle, side-
cutting edge angle and nose radius), high temperature shear strength of tool material,
feed and depth of cut and an assumed initial cutting speed value. The steps involved are:
@) Determine the equivalent cutting edge geometry for the given oblique nose radius
tool, depth of cut and feed.

(@)  For this equivalent cutting edge and the assumed cutting speed, determine the
forces Fc, Fr, temperature T, and tool stresses using the methods described in chapter
3.

(i)  Calculate the maximum shear stress Tmax for the appropriate case from Eq.(4-5).
(iv)  Determine the cutting speeds corresponding to the intersections of the two

curves using a bi-section search method (Yakowitz, 1990).

4.4.3 Comparison Between Predicted and Experimental
Plastic Deformation Conditions in Approximately
Orthogonal Machining

In order to determine which of the three loading cases described in section 4.4.1 is the
most appropriate in predicting cutting conditions giving plastic deformation of the
cutting edge, the predicted results for each case were compared with the experimental
results of Nachev (1983) and Nachev and Oxley (1985) obtained from approximately
orthogonal machining tests. These workers determined the experimental plastic
deformation conditions for two plain carbon steel work materials using P25 grade (Seco-
Titan S25M) carbide todls. Although the S25M carbide tool has 6.5%TiC, it was
considered by Nachev and Oxley to be near enough to the alloy of chemical composition
WC + 5%TiC + 9%Co tested by Trent (Fig.4-4) to justify using Trent’s curve for this
material to represent the hot strength properties of the S25M carbide used in their
machining tests. In what follows this was again assumed to be the case. Using the

Matlab package, Trent’s curve can be obtained using the curve-fitting method

(Yakowitz, 1990) as: G s = 5.048 x 10°8 x T™11848 \where o0 is the 5% proof stress
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in N/mm?, T is temperature in °C. The machining parameters used by Nachev and Oxley
are summarised as follows:

(a) Work materials. (BHP) K1022 plain carbon steel bar of chemical composition
0.19%C, 0.021%P, 0.88%Mn, 0.27%Si, 0.02%Ni, 0.085%Cr, 0.005%Mo was used as
one work material. The other material used was a (BHP) K1045B plain carbon steel bar
with a chemical composition of 0.48%C, 0.019%P, 0.80%Mn, 0.30%Si.

(b) Tool material and tool geometry. Uncoated P25 grade (Seco-Titan S25M)
TPGN-220408 carbide tools with a chemical composition WC + 6.5%TiC + 9.5%Co +
14.5%(TaC + NbC) were used. The tool geometrical parameters were normal rake angle
o,= 5 degrees, inclination angle i = 0 degrees, nose radius .= 0.8 mm, side cutting edge
angle C= 0 degrees. ‘

(c) Cutting conditions. Feeds f = 0.2, 0.25, 0.3, 0.4 and 0.5 mm/rev and depth of cut
d=2.5 mm were used. The initial cutting speed in each test was selected to be
approximately the same as the speed at which deformation was predicted to occur.

Using the computer program mentioned in section 4.4.2 with the above
machining parameters, the plastic deformation cutting speeds for the three cases of tool
loading were predicted respectively.

The predicted and experimental results are plotted on a log-log basis in Fig.4-5(a)
for the 0.19%C steel and in Fig.4-5(b) for the 0.48%C steel. The filled-in symbols
indicate the cutting speeds for which plastic deformation was observed and the open
symbols indicate cutting speeds SO m/min lower for which no plastic deformation was

observed. The predicted results for the three cases (section 4.4.1) are given by the lines.

However, the predicted results can be seen to overestimate the cutting edge’s ability to
resist plastic deformation with the smallest overestimation corresponding to Case I
which takes into account the shear and normal stresses acting on both the rake and
flank faces of the tool. Case I represents the most realistic tool edge loading conditions

and it is not surprising that this gives the best predictions.
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4.4.4 Prediction of Plastic Deformation Conditions in Oblique
Machining

To check the effectiveness of the above proposed method when extended to oblique
machining conditions, predictions and experiments were also carried out on another two
plain carbon steels: 0.30%C steel and 0.45%C steel using the uncoated P25 grade
DNGA-150408 carbide inserts (without chipbreaker groove) with a chemical
composition 7.6-8.4%TiC + 3.5%Co + 11-12%TaC. The ranges of each machining
parameter listed in section 4.5 were used in both the predictions and the experiments.
The predictions are discussed in this section, while the experiments will be discussed in

section 4.5.

4.4.4.1 Determination of High Temperature Shear Strength Data for the
Tool Material

In order to predict the tool plastic deformation conditions it was first necessary to
determine the high temperature shear strength curve for the P25 grade carbide tools used
in the experiments. It is preferable to carry out Trent (1968) type compression tests on
the tooi material considered. But due to the lack of the facilities for these tests, a tool
material whose chemical composition is similar to those tested by Trent was selected.
From the data given by Trent (1968) it is clear that the hot compressive strength is
directly related to the TiC content of the tool material with, at a given temperature, the
5% proof stress increasing with increase in TiC content. Since the P25 grade carbide
used in the tests had 7.6-8.4%TiC, it was assumed that the curve representing its hot
compressive strength would lie in the middle of the curves given by Trent (1968) for tool
materials of chemical composition WC + 5%TiC + 9%Co and WC + 12%TiC + 7%Co.
(Fig.4-6). Using the Matlab package, this curve can be obtained using the curve-fitting

method (Yakowitz, 1990) as: G g5 = 4497 x10% x T™1%13% | where o5 is the 5%

proof stress in N/mm?, T is temperature in °C.
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4.4.4.2 The Predicted Results

Using the computer program discussed in section 4.4.2 and the predictive method
discussed in section 4.4.2 with the machining parameters given in section 4.5, the plastic
deformation cutting speeds for Case I tool loading conditions were predicted. These
predicted values are given in Table 4-1 for the 0.30%C steel and in Table 4-2 for the
0.45%C steel. In these tables, Case I, Casell and Case III represent the three cases of
tool loading (section 4.4.1), while Upgic is the predicted cutting speed where the tool
starts to deform plastically, T, is the calculated tool-chip interface temperature
corresponding to Upasiic , and Tmax is the corresponding calculated maximum shear stress

inside the cutting edge.

Table 4-1 Predicted plastic deformation cutting conditions for 0.30% C steel (d=2.5 mm)

Loading conditions
Case I Case II Case 111

Feed Uplastic Tint Timax Uptastic Tint Tmax Uptastic Tint T
(mm/rev) | (m/min) | (°C) (MPa) | (m/min) | (°C) (MPa) | (m/min) | (°C) (MPa)
0.2 484 1082.1 | -393.4 493 1085 -386 446 1059.5 | -488.9

0.25 431 1081.6 | -394.9 436 1085.8 -380 398 1060.6 -484

0.315 370 1082.2 | -394.2 380 1087 -376 342 1061.4 -479

0.4 332 10823 | -3954 338 1088.9 -372 303 1062.1 476

0.45 306 1082.1 | -394.2 315 1088.8 -370 284 1062.9 -474

Table 4-2 Predicted plastic deformation cutting conditions for 0.45%C steel (d=2.5 mm)

Loading conditions
Case I Case II Case 111

Feed | Upppane Tine Trax Uplastic Tint Tax Uptastic Tt Tomax
(mm/rev) | (m/min) | (°C) (MPa) | (m/min) | (°C) (MPa) | (m/min) | (°C) (MPa)
0.2 421 1061.6 | -478.1 435 1069.2 -447 390 10442 | -569.5
0.25 376 1061.8 | -478.1 390 1069.9 -443 349 1044.5 | -564.9
0.315 327 1062.5 | -476.6 335 1070.9 -438 304 1045.8 | -559.9

0.4 286 1062.7 | -474.1 297 1071.9 -435 265 1046.1 -555

0.45 269 1062.9 473 275 1071.9 433 249 1046.9 -553
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4.5 Experimental Procedure

Plastic deformation experiments on the above two plain carbon steel bars were carried
out on a lathe using a bar turning process under dry conditions. For each test condition,
it was necessary to measure the plastic deformation of the cutting edge after machining
for a predetermined time interval. Tool plastic deformaﬁon is affected by the work
material, tool material, too] geometrical parameters, cutting conditions, etc. In order to
keep the experiments to a manageable number, priority was placed on the parameters
having greatest relevance to the present investigation. The selected ranges of each
parameter are given below. |

(a) Work materials. A nominal AISI-1045 plain carbon steel bar of chemical
composition 0.45%C, 0.01%P, 0.66%Mn, 0.053%Si, 0.031%S, 0.01%Ni, 0.02%Cr,
0.01%Mo, 0.01%Cu and 0.00l%Al was used as one work material. The other material
used was a nominal AISI-1030 plain carbon steel bar with a chemical composition of
0.30%C, 0.013%P, 0.68%Mn, 0.26%Si, 0.011%S, 0.02%Ni, 0.01%Mo, 0.02%Cu and
0.025%Al.

(b) Tool material and tool geometry. Uncoated P25 grade DNGA-150408 carbide
inserts (without chipbreaker groove) with a chemical composition 7.6-8.4%TiC +
3.5%Co + 11-12%TaC were used on a PDNNR2525 tool holder. The tool geometrical
parameters were normal rake angle o,= -6 degrees, inclination angle i = -6 degrees, nose
radius I, = 0.8 mm, side cutting edge angle C, = 27 degrees and clearance angle 6
degrees. |

() Cutting conditions. Feeds f = 0.2, 0.25, 0.315, 0.4 and 0.45 mm/rev and depth of
cut d = 2.5 mm were used. The initial cutting speed in each test was selected to be
approximately the same as the speed at which deformation was predicted to occur.

The machine tool used for the tests was a 37 kW Heidenreich and Harbeck VDF
precision lathe having a variable speed motor with speeds 0-5600 rev/min. The available
feed range was 0.01 to 0.71 mm/rev. The original DNGA-150408 inserts were provided
with all faces ground by the manufacturer. The flank face of each cutting edge was
checked for flatness using the same method adopted for checking plastic deformation

which is to be described in the following section. Finally each cutting edge was numbered
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and randomly assigned to a test in order to minimise the influence of variations in work
and tool material properties, etc.

After the steel bar was mounted in the lathe, a clean-up cut was made along its
length with a tool to remove scale and to ensure that the work surface was clean and
uniform along its length. Then the tool holder was placed in the tool post and firmly
secured.

For each test, the carbide insert was first placed in the tool holder and the feed
rate for this test was set. The machining was carried out at a cutting speed which was
selected to be approximately the same as the speed at which deformation was predicted
to occur (Tables 4-3 and 4-4). An approximate cutting speed was selected using the gear
box and the correct speed was reached with the help of the variable speed motor and a
Veeder Root Digital Tachometer (Model 6611) which was placed on the rotating surface
which was to be machined. The depth of cut was then set and cutting commenced. The
duration of each cut was controlled by using a stopwatch. If in this initial test no
deformation was observed further tests were made with the speed increased in
increments of 40 m/min until deformation was observed. If deformation was observed
further tests were made with the speed decreased in increments of 40 m/min until no
deformation was observed. This procedure was continued until for each feed a cutting
speed was found at which the tool will deform plastically and will not deform at all other
speeds below it. It should be noted that each cutting edge of the inserts was used to cut
the workpiece only once. In all tests it was found that 20s machining time was sufficient
for steady state conditions to be achieved.

After a cut, the insert used was removed from the tool holder. Then the cutting
edge was examined for plastic deformation using the method described in the next

section.

4.5.1 Method Used for Determining Plastic Deformation

Although a number of methods were tried for measuring the plastic deformation of the

cutting edge, the following method, although one of the simplest, gave the best results.
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The flank face of the tool which was expected to bulge outwards when plastic
deformation has occurred was carefully cleaned to remove any adhering steel, etc. The
flank face was then held firmly on a polished surface and the two surfaces were placed in
front of a strong light and examined from the front. If deformation had not occurred the
flank surface was flat and in close contact along its length with the polished surface thus
there was no gap between the two surfaces and hence no light could be seen. If
deformation had occurred then light could be seen through the resulting gap between the
two surfaces which was formed due to the bulged out flank face near the cutting edge.
With this method it was possible to detect even small amounts of plastic deformation
occurring in the nose radius part of the tool flank face. The results obtained using this
method are given in Table 4-3 for 0.30%C steel and in Table 4-4 for 0.45%C steel.
When the deformed inserts were further examined it was found that bulging out
of the flank face had occurred in a small region near the cutting edge. This justifies the
use of the equation for T (Eq.(4-5)) which was derived for the region where uniform

boundary stresses were assumed to apply.

Table 4-3 Plastic deformation experimental results
for P25 grade carbide tool used to machine
0.30% carbon steel (d = 2.5 mm)

Test Feed Speed Experimental

No. (mm/rev) (m/min) results
1 0.45 290° Deformation
2 0.45 250 No deformation
3 0.315 310° Deformation
4 0.315 270 No deformation
5 0.4 310° Deformation
6 04 270 No deformation
7 0.25 400 Deformation
8 0.25 360° Deformation
9 0.25 320 No deformation

Note: * star sign to indicate the lowest cutting speeds at which
tool plastic deformation was observed.
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Table 4-4 Plastic deformation experimental results
for P25 grade carbide tool used to machine
0.45% carbon steel (d = 2.5 mm)

Test Feed Speed Experimental
No. (mm/rev) (m/min) results
1 0.315 310 Deformation
2 0.315 270 Deformation
3 0.315 230 No deformation
4 0.25 310° Deformation
5 0.25 270 No deformation
6 0.25 250 No deformation
7 0.2 360" Deformation
8 0.2 320 No deformation
9 0.45 250" Deformation
10 0.45 210 No deformation
11 0.4 275 Deformation
12 04 235 No deformation

Note: * star sign to indicate the lowest cutting speeds at which
tool plastic deformation was observed.

4.6 Results and Discussion

The predicted and experimental results from Tables 4-1, 4-2, 4-3 and 4-4 are also plotted
on a log-log basis in Fig.4-7(a) for the 0.19%C steel and in Fig.4-7(b) for the 0.48%C
steel. These results are now considered in detail.

The lines given in Fig.4-7(a) and Fig.4-7(b) represent predicted speed/feed
combinations for the 0.30%C and 0.45%C steels respectively at which the tool starts to
deform plastically. The predictions were made with the tool stresses corresponding to
assumed Case I. Considering the relatively small inclination angles used with carbide
tools it was also assumed that the two-dimensional stress analysis (section 4.3.1) is
applicable to oblique machining. Again the experimental results are given by the symbols
with the filled in symbols indicating the cutting speeds at which plastié deformation was
observed and the open symbols indicating cutting speeds 40 m/min lower at which no
plastic deformation was observed. From Fig.4-7 it can be seen that the predicted plastic

deformation speeds show the same trends as the experimental results with reasonably
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good quantitative agreement. In particular the speeds which cause tool deformation can
be seen to decrease with increase in feed and, at a given feed the speed which cause tool
deformation can be seen to decrease with increase in carbon content of the steel work
material. However the predictive method tends to overestimate cutting edge’s resistance
to plastic deformation, particularly at feeds below 0.4 mm/rev. One reason for this
overestimation of the plastic deformation cutting speed is due to possible
underestimation of the stresses acting on the tool flank face. Another reason is that the
actual high temperature shear strength of the tool material could have been lower than
that given by the assumed curve, which is for a tool material with approximately
8.5%TiC while the P25 grade tool material used in the tests had 7.6-8.4%TiC. The
results given in Fig.4-7 also confirm that it is necessary to take into account the stresses
acting on both the rake and flank faces (Case I) of the tool

in determining the plastic deformation conditions as Case II and Case III were found to

result in greater overestimations (Tables 4-2 and 4-3).

4.7 Concluding Remarks for this Chapter

In this chapter it has been shown how the cutting conditions that cause tool cutting edge
plastic deformation can be predicted for oblique nose radius tools from a knowledge of
the hot compressive strength of the tool material using machining theory combined with
an analysis of the tool stresses. It is expected that the present level of agreement between
predicted and experimentally observed deformation conditions will be sufficiently
accurate for most practical applications including the prediction of optimum cutting

conditions.
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Chapter 5 Computer-aided Optimisation of Cutting
Conditions and Worked Examples

5.1 The Computer Program

A computer program for the prediction of optimum cutting conditions in oblique
machining with nose radius tools has been developed for microcomputers (PCs). The
program is written in ANSI C. It is well known that C has proven to be a pleasant,
expressive, and versatile language for a wide variety of programs. Since C is not tied to
any particular hardware or system, the program developed will run without change on
any machine that supports C.

The typical way of getting something done in a C program is to call a function to
do it. Defining a function is the way to specify how an operation is to be done. This
optimisation program consists of a main function to perform the main task of the |
optimisation procedure as stated in section 3.2 and a number of functions to perform the
tasks such as the determination of cutting parameters with reference to the equivalent
cutting edge, the calculations of tool life and the optimum cutting speed for a given feed
and depth of cut, the calculations relevant to the machining theory, the consideration of
constraints, the calculations of specific production cost/time, the final optimum cutting
conditions for the minimum specific production cost/time, etc.. While the program is
being executed, the input data, temporary data and the output data are stored, read and
transferred by opening/closing a number of data files.

The construction of the computer program is shown in Fig.5-1. Before the
program starts to work, the input data files which will provide the necessary input data
have to be built up. The input data to the program are:
® Work material composition.

(i1) Tool geometrical data (rake angle, inclination angle, side-cutting edge angle and
nose radius).
(iii) Economic data (operating cost of machine and cost of cutting edge).

(iv)  Tool life equation data (constants for Eq.(3-4)).
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Enter the available feeds/depths of cut including the
starting feed (fin) and the starting depth of cut (d) as
the active feed and depth for the very first time.

»‘

Rewrite the values of the active feed (f)and depth
(d) in a data file named ‘IFEDP’

'

Read the economic data (x,y) from the input data
file ‘ECOM’

Y

Read the tool life equation constants (A;, b;, ¢,
and d; ) from the input data file “TAYLOR’

'

Determine the equivalent cutting edge geometry
and the corresponding cut thickness t._and width
of cut w by calling a function named
‘OOBB’

!

Calculate the optimum cutting speed U, and tool

life by calling the fuction ‘INIOPTIN’ using the

above values of t. and w. U, is kept in a data file
named ‘VELOC’

'

Check the tool plastic
deformation by calling the
function ‘BISECTION’

Check the power constraint by
calling the function ‘POWCS’
Satisfied?

Decrease s@vto check power
by calling the function
‘DESPEED’. The result is
indicated by returning a value of
‘Y’ to the main function

(Fig. 5-1)
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Check the BUE.
<y calling the function ‘B
Satisfied?

Calculate the specific cost/time by calling the
function ‘COST’/’TIME’; result is compared
with the former value stored; the relatively
smaller one is kept in the output data file
‘TCT’ with the corresponding step’s optimum
cutting conditions.

v

Increase feed to f = f; by calling the function
‘ICDFEED’ but keeping the same depth

A

Ni A\
® < -£)>0
Yes

f= fi,

!

Decrease depth to d = d; by calling the

function ‘DDEPTH’ but keeping the
former feed

No
(d-dmn) <02

A

Fig.5-1 Flowchart for the Optimisation Procedure

Yes

Output: (i) optimum cutting conditions.
(ii) the minimum specific
production cost/time.
(iii) corresponding tool life.
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V) Available feeds and speeds of the machine tool used, the minimum and maximum
feeds and depths for tool and workpiece (if applicable), or the predetermined
minimum/maximum feed and predetermined maximum depth of cut.

(vi)  Radius of cutting (workpiece diameter).

(vii)  High temperature shear strength data for the tool material.

(viii) machine tool’s poWer/torque-speed characteristics.

After settling up the above input data files, the program can be started by
executing the main function. The main function’s task can be explained by the help of
the flow chart in Fig.5-1. The optimisation procedure has been given in section 3.2. What
is discussed here is only a brief outline of the optimisation program.

First the information on feeds/depths of cut are read from an input data file. The
minimum feed (f;,) and the minimum depth (dmi,) can be read from the data file, while
the maximum feed (fy) and the maximum depth (dpm.,) will be either read from a data
file or calculated by calling a function named ‘MAXFEEDEPTH’. Then the starting feed
(fmin) and the starting depth of cut (dmax) are written in the ‘active’ feed/depth data file for
calculating the corresponding cut thickness t. and width of cut w. It should be noted that
the active values of feed and depth will be changed when a new point on the d-f plane is
considered (Fig.3-1). Also the economic data and the tool life equation data are read
from the corresponding input data files. The equivalent cutting edge geometry for the
given oblique nose radius tool and the corresponding cut thickness t; and width of cut w
are calculated by calling a function named ‘EQUEDGE’. The initial optimum cutting
speed is calculated by calling the function named ‘INIOPTIM’, while the required tool
life is calculated or obtained from the user. The tool plastic deformation is checked by
calling the function ‘BISECTION’, and the power constraint is checked by calling the
function ‘POWCS’. The function ‘BUE’ is called to check the built-up edge constraint.
The grid point with the next lower depth but with the feed on the same line is obtained
by calling the function ‘LOWDEPTH’. If all the constraints are satisfied, the specific
production cost/time is calculated and compared by calling the function ‘COST/TIME’
and the present smallest value is kept in the output data file with the corresponding
cutting conditions and tool life. Lastly the optimum cutting conditions with the

smallest values of specific production cost/time
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l

Input Uy
(initial optimum cutting speed)

|

Enter U from “VELOC.dat”,
enter f/d from “IFEDP.dat”

Call function “DIFFCE”,
S= DIFFCE().

NO

U, =U;
U=U-25

U1=U;
U=U+25

Call function:
S= DIFFCE().

-10<8-10<0

NO y

YES

\

Call function:
S=DIFFCE().

-10<S8-10<0

U,=1;

NO

-

(Fig. 5-2)
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YES
Up= U
YES
A
U,=U
Y
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O, O OXON

| U=U+Uy /2|
/ o - A
Ul s U] = U;
Uz = Uz = Uz
Call functlon
S= DIFFCE(). A
Up=
/
v Output p}astic defqrmation v
cutting conditions -
v=u, | NO YES [ U=U,
Y _ | Rewrite the value of speed in
> ———

data file “VELOC.dat” as U.

O

Fig. 5-2 Flowchart for Function void BISECTION(double Uy)
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are obtained and stored in the output data file. The program is user friendly and flexible

because there are many options available to the user. The user is able to get the required

data such as the tool plastic deformation cutting conditions, cutting forces, required =

power, temperatures, stresses, etc. by opening the corresponding data files. The user can
stop the executing of thé program after obtaining the required data. Since most of the
tasks are performed by using functions, it is very convenient for expanding or modifying
the program which can be achieved by adding new functions or modifying the necessary
functions.

A summary of the optimisation procedure is given by the flow chart in Fig.5-1.
Fig.5-2 gives a flow chart for the function ‘BISECTION’ which is used to check the tool
plastic deformation constraint. In Fig.5-2, a function named ‘DIFFCE’ is called to

calculate the difference between the predicted maximum shear stress, Tpay in the tool and

c ) ) . ..
half of the proof stress, —2%- of the tool material for a given set of cutting conditions.

5.2 Results and Discussion

As stated earlier in chapter 3, in order to obtain the optimum cutting conditions it is
necessary to estimate the tool life. To do so a modified Taylor tool life equation (Eq.(3-
4)) is used in this work instead of the extended Taylor equation (Eq.(3-27)). Thus the
constants in Eq.(3-4) have to be determined before determining the optimum cutting

conditions.

5.2.1 Determination of Tool Life Equation Constants

Considering a machining process involving a tool with a single straight cutting edge, the
extend Taylor tool life equation (Eq.(3-27)) can be modified as Eq.(3-4). In the modified
form of Taylor equation (Eq.(3-4)), cut thickness t. and width of cut w referred to
equivalent cutting edge are used instead of f and d. Since the tool geometrical parameters

such as nose radius and side cutting edge angle have been taken into account in

Computer-aided optimisation of cutting conditions and worked examples 93



Chapter 5

determining the equivalent cutting edge, the constants A,, b, ¢, and d; do not depend on
these tool geometrical parameters. This will considerably reduce the amount of tool life
data required. However, these constants will still depend on work material, tool material
and tool rake angle. Due to above reason, Eq.(3-4) has been used in estimating the tool
life in this work. What follows is a brief description of the method used to obtain the tool
life equation (Eq.(3-4)) constants for the two carbide grades (uncoated P25 and coated
P15) used in the present work.

For the uncoated P25 grade tool material, in order to obtain the constants of
Eq.(3-4) the approach used is as follows. Taking account of the observation that when
machining with cutting tool temperatures above 800 °C, which would generally be the
case for carbide tools in the normal cutting speed range for turning operations, the main
wear mechanism is diffusion which is a temperature controlled rate process (Oxley,
1989). Therefore, if the appropriate temperature can be determined and the relationship
between tool wear rate/ tool life and temperature is known then it should be possible to
predict tool life with far less effort than by purely empirical means.

When the tool life is defined in terms of flank wear, the relationship between tool
life, T and tool flank temperature, Tr can be written as (Oxley, 1989; Arsecularatne et al,
1996)

T=10*T;® (5-1
where A, B are constants. It has also been shown that T; can be determined from the
relation (Oxley, 1989)

T, =09T,, (5-2)
where Tiy is the interface temperature determined using the machining theory (Eq.(2-
13)) and the temperatures are in Kelvins. The above relationship gives good agreement
with experimental results not only when tool life is defined in terms of flank wear but
also when crater wear is used as the tool failure criterion (Oxley, 1989). In applying the
method of predicting tool life based on Eq.(5-1), care should be taken to ensure that the
temperatures are sufficiently high for diffusion to be the predominant wear mechanism.

First the constants A and B in Eq.(5-1) were determined from a small number of
tool life experimental results obtained for near orthogonal conditions. In these
experiments nose radius tools with zero inclination angles were used. For the same

cutting conditions the corresponding values of T; were determined from the machining
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theory. When plotted on a log(Ts) versus log(T) graph the results fell close to a straight
line and the corresponding equation was (Arsecularatne, 1998)

T =102 T 1*7 (5-3)

In order to obtain the constants A, b, ¢, and d; in Eq.(3-4), fifteen
combinations of width of cut/cut thickness/cutting speed values were first selected from
ranges w = 1.5 to 4.5, t;= 0.1 to 0.4 mm and U = 100 to 200 m/min respectively. For
each combination of cutting conditions T, values were determined from machining
theory. The rake angle of the actual tool which was -6° was used in calculations. The
corresponding Tt values and tool life values were then determined from Eqgs.(5-2), (5-3).
Finally the values of w, t., Uand T were used to determined the constants A,, b,, c;, and
d; using the multiple linear regression analysis provided in the SPSS package (Norusis,
1992). These constants are given below:

A =281104 b, =2.56319 c.=1.66511 d, = 0.0.

As noted earlier the constants A,, b;, ¢;, and d; will depend on work material, tool
material and tool rake angle. However, for a given tool material, to account for
variations in rake angle and work material composition, additional experimental data will
not be required since these varjations can be taken into account in calculating Ti using
the machining theory. Only when the tool material changes will it be necessary to obtain
a new set of constants A and B for Eq.(5-2) which can be done using a relatively small
number of machining tests. Thus with the described method for determining the
constants A, by, c;, and d; reliance on experimental results has been minimised.

For the coated P15 grade tool, since the constants of Eq.(3-27) can be obtained
from the work of Arsecularatne et al (1992), the constants A, b, ¢, and d; were
determined using a different procedure. For fifteen combinations of width of cut/cut
thickness/cutting speed values selected from ranges d = 1.5 to 4.5, f= 0.1 to 0.4 mm and
U = 100 to 200 m/min respectively, tool life values were determined using Eq.(3-26).
The constants Ay, by, ¢, and d;; used were those given in the above reference and are
given below:

Ay = 343283296 b, =3.023 ¢y =1.153 diy =0.258
Then for each combination, using depth of cut, feed and tool geometry, w and t. values

with reference to the equivalent cutting edge were determined. The values of w, t. ,U
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and T were then used to determine the constants A, b;, c, and d; using the SPSS
package and are given below:
A, =278351778 b, =3.0 =12 d. =0.22.

In order to check the above method using the modified Taylor tool life equation
(Eq.(3-4)), the experimental tool life results of a tool material (Seco S4 tool) obtained by
Arsecularatne (1998) were used. The corresponding predicted tool life results were
calculated using the same machining conditions as that used in obtaining the experimental
results. The full data required are shown in appendix A. A comparison between the
predicted tool life and the experimental tool life is given in Table 5-1, where U, f and d
are the cutting conditions used, C, is the corresponding equivalent side cutting edge
angle, t. and w are the corresponding cut thickness and width of cut, Tyeq is the
predicted tool life while Te, is the experimental tool life. As seen in Table 5-1, the

predicted results are in good agreement with the experimental results.

Table 5-1 Comparison between Predicted and Experimental Tool Life
(Tool: Seco S4 tool, rake angle: 10 deg. Work material: AISI 1022 steel

U f d C*, t w Tored Texp T—T.,
(a/min) |@mufrev)| (mm) | (deg) | (mm) | (mm)| (min) | (min) |~ <100%

290 0.2 2 |20.747| 0.1870 |2.1386] 18.723 | 22.8 -17.87872543
200 0.2 2 |120.747| 0.1870 |2.1386| 56.034 | 43.2 29.7092506

350 0.2 2 |20.747| 0.1870 |2.1386] 10.751 9.1 18.14301323
290 0.2 2 16.513 | 0.1917 |2.0860| 17.960 18.1 -0.76970584
240 0.315 1 33275 0.2633 |1.1961) 18.574 | 18.6 -0.138849916
290 0.315 1 ]33.275 0.2633 |1.1961f 10.627 9.2 15.51973993
350 0.315 1 33275 0.2633 |1.1961| 6.1024 7.4 -17.53470489
220 0.2 1 16.513 | 0.1917 |1.0430( 41.160 | 342 20.35275037
330 0.2 1 16.513 | 0.1917 |1.0430{ 12.444 | 13.8 -9.821572748
270 0.2 1 16.513 | 0.1917 }1.0430( 22495 | 255 -11.78346271
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From the results obtained, it can be seen that the modified Taylor tool life

equation can be used to obtain good estimates of tool life for various work/tool material

combinations. In the following sections the modified Taylor tool life equation is used for . -

selecting the optimum cutting conditions.

5.2.2 Worked Examples

In this section the optimisation procedure discussed so far is illustrated with examples
which were obtained by executing the optimisation program (Fig.5-1(a), (b))

In these examples the tools used are the two carbide grades (uncoated P25 and
coated P15). The tool life equation constants for these tool materials have been given in
section 5.2.1. The cost rate of the machine used is assumed to be $150 per hour. The
maximum depth d,. is assumed to be 2.5 mm. The maximum feed £, when calculated
as described in section 3.3 is 0.64 mm/rev. The minimum values for depth and feed, dy,
and fr;, are assumed to be 0.5 mm and 0.2 mm/rev respectively. These values of duin, finins
dmex and fi,, define the d-f planes (Fig.5-3, 5-6 and 5-8) for the optimisation procedure.

All the remaining data used in these examples are given in the Appendix B.

Example 1

It is assumed that a 50 mm diameter AISI-1045 steel bar has to be machined using a P25
grade carbide tool (Holder: PDNNR2525; Insert: DNGA150408). The search for the
optimum cutting conditions is confined to the d-f plane and the optimisation procédure
starts from the top left corner as shown in Fig.5-3.

Fig.5-4(a) shows the variation of optimum cutting speed at the considered grid
points while Fig.5-4(b) shows the variation of specific cost at these grid points. These
results were obtained using the optimisation program discussed above using minimum
cost as the economic criterion. The optimum tool life calculated is 6.12 min. At the first
grid point (d = 2.5 mm and f = 0.2 mm/rev) the optimum cutting speed corresponding to
a 6.12 min tool life is 209 m/min. The maximum speed that can be used without violating

plastic deformation constraint is 390 m/min. Therefore this constraint is satisfied. The
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estimated power required at speed 209 m/min is 4.33 kW. Since the available power at
that speed is 11.15 kW, the power constraint is also satisfied. The calculated interface

temperature is 1180 K. Since it is above 1000 K, B.U.E. constraint is also satisfied. The

specific cost of machining at this grid point is 26198 $/m’. The grid points at which the
calculations are performed are clearly labelled in Fig.5-3; the specific cost corresponding

to these grid points are shown in Fig. 5-4(b). The encircled

3
O Feasible Point . .
o X Non-feasible Point Optimum P °‘“\

25 F-- 0’0%’0%0’0’0‘0’0’0—0’0‘0’0’0*0*0’0*0? N
g 2
o I I 1 l i l i I I i
6 15’ T T 1 - o
“_‘ 1 1 1 ' 1] t ' 1 1)
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0 ; . . R

016 02 024 028 032 036 04 044 048 052 056 06 064
Feed f (mmvrev)

Fig. 5-3 Worked Example 1: Feasible and Non-feasible Grid Points
on the Search Boundary
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Depth of cut (mm)

Fig.5-4(a) Worked Example 1: Optimum Cutting Speeds at Feasible

Points for Specific Production Cost

Computer-aided optimisation of cutting conditions and worked examples 99



Specific production cost ($/m?)

Depth of cut (mm)

Fig.5-4(b) Worked Example 1: Specific Production Cost
Values at Feasible Points
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point results in the optimum depth/feed/speed combination, that is the position at
which the specific production cost is a minimum. It can also be seen that for grid points
from O to N (Fig.5-3) depth remains constant at 2.5 mm and feed increases from 0.2 to.
0.64 mm/rev. With increase in feed both the unconstrained optimum cutting speed
(Fig.5-4(a)) and the specific cost of machining (Fig.5-4(b)) decreases continuously. This
clearly shows that, at a given depth, it is much more economical to machine using a high-
feed/low-speed combination than a low-feed/high-speed combination.

Figs.5-5(a) and 5-5(b) show the results obtained using the optimisation program
discussed above using maximum production rate as the economic criterion. The optimum
tool life calculated is 3.126 min. Since this is lower than the minimum preset value (5
min), a tool life of 5 min is selected. Once again none of the grid points lying on the
boundary ONM (Fig.5-3) were found to violate any of the constraints considered. The
encircled grid point at which depth and feed are maximum and speed is minimum
represents the optimum point since these cutting conditions result in the minimum
production time (Fig.5-5(b)). For grid points from O to N with increase in feed both the
unconstrained optimum cutting speed (Fig.5-5(a)) and specific production time (Fig.5-5
(b)) decrease continuously. This confirms that, at a given depth, it is much more
economical to machine using a high-feed/low-speed combination than a low-feed/high-
speed combination. Note that at a given grid point (depth/feed combination) the
optimum speed for minimum cost criterion is lower than that for maximum production
rate criterion. This is due to the fact that tool life for minimum cost criterion is greater

than the tool life for maximum production rate criterion.

Computer-aided optimisation of cutting conditions and worked examples 101



Cutting speed (m/min)

Chapter 5

Depth of cut (mm)

Fig.5-5 (a) Worked Example 1: Optimum Cutting Speed at Feasible
Points for Specific Production Time

Computer-aided optimisation of cutting conditions and worked examples

102



Specific production time (min/m?)

Chapter 5

28000

265001 ek
25000
235004 °
220004
20500 —
19000+

17500 4 ~

16000 - ~

14500+ :
13000~ *_
11500 —
10000 —

8500 —

Depth of cut (mm)

Fig.5-5(b) Worked Example 1: Specific Production Time Values at
Feasible Points
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Example 2

It is assumed that a 200 mm diameter AISI-1045 steel bar has to be machined using a* |
tool with a P15 grade coated carbide insert (Holder: PCLNR2525; Insert:
CNMG120408). The d-f plane used in the search for the optimum cutting conditions is
shown in Fig.5-6.

3
Optimum Point QO Feasible Point
X Non-feasible Point
25 F- - - N
E« 2 R R I e T e B I
-
S 15 s R e
ua 1] L] ] 1 1 1
g.‘ ' ] ' 1 ) : : : : '
0 1] L ) ' ] ' 1] 1]
a) 1 , e - -
L m. . X! '
0.5 L 1 i 1 1] 4 ] 1 ] 1] 1 M
L ,
0 ; :
0.16 02 024 028 032 036 04 044 048 052 056 0.6 0.64

Feed f (mm/rev)

Fig. 5-6 Worked Example 2: Feasible and Non-feasible Grid Points
on the Search Boundary
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Fig. 5-7(a) Worked Example 2: Optimum Cutting Speeds at Feasible
Points for Specific Production Time
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Fig. 5-7(b) Worked Example 2: Specific Production Time Values at
Feasible Points
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Fig.5-7(a) and Fig.5-7(b) show the results obtained using the optimisation

program with maximum production rate as the economic criterion. The optimum tool life

calculated is 3.9 min. Since this is lower than the minimum preset value (5 min), a tool .

life of 5 min is selected. At the first grid point (d = 2.5 mm and f = 0.2 mm/rev) the
optimum cutting speed corresponding to a 5 min tool life is 699 m/min. The maximum
speed that can be used without violating the plastic deformation constraint is 390 m/min.
Therefore, the optimum speed cannot be used; instead the sub-optimﬁm value of 390
m/min is selected. With this relatively low sub-optimum value still the power constraint
cannot be satisfied. Therefore the grid point becomes unfeasible. The grid point
corresponding to the next lower depth is also unfeasible due to power constraint. At the
third grid point considered power constraint can be satisfied. All the grid points that are
considered by the optimisation program and the point corresponding to the optimum
depth/feed combination are shown in Fig.5-6. In this example all the unfeasible points are
due to power constraint. At each feasible point the corresponding optimum cutting speed
and specific production time are given in Fig.5-7(a) and 5-7(b). Note that, at a given
depth, the optimum cutting speeds are much higher due to superior wear characteristics
of the coated tool used in this example than the speeds for the previous one (Fig.5-5(a))

which are for an uncoated P25 grade tool.

Example 3

In order to investigate the effect of radius of cutting (workpiece diameter) on the
machining process, a 200 mm diameter (instead of the 50 mm diameter bar in example 1)
AISI-1045 steel bar is assumed to be machined using the same machining parameters
(except the radius of cutting) as that in example 1. The d-f plane used in the search for
the optimum cutting conditions is shown in Fig.5-8. Due to the increase of the radius of
cutting, the shape of the search boundary is different to that in example 1. The reason is

that some of the grid points violate certain process constraints.
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Fig. 5-8 Worked Example 3: Feasible and Non-feasible Grid Points
on the Search Boundary

Figs.5-9(a) and 5-9(b) show the results obtained using the optimisation program
discussed above with minimum production cost as the economic criterion. Similar to
example 1, the optimum tool life calculated is still 6.12 min because the tool life equation
constants are the same as that in example 1. At the first grid point (d = 2.5 mm and f =
0.2 mmy/rev) the optimum cutting speed corresponding to a 6.12 min tool life is still 209
m/min.. The maximum speed that can be used without violating plastic deformation
constraint is still 390 m/min. Therefore this constraint is satisfied. But this grid point is
found to violate the power constraint. Therefore the optimum speed cannot be used.
Since a sub-optimum speed cannot be found to satisfy the power constraint this grid
point becomes unfeasible. The grid point corresponding to the next lower depth is also

unfeasible due to power constraint. At the third grid point considered power
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Depth of cut (mm)

Fig. 5-9(a) Worked Example 3: Optimum Cutting Speeds at Feasible
Points for Specific Production Cost
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Fig. 5-9(b) Worked Example 3: Specific Production Cost Values at
Feasible Points

constraint can be satisfied. It should be noted that the grid point corresponding to the
minimum specific production cost is no longer the grid point with the maximum depth,
maximum feed and the lowest speed (101 m/min); instead the third grid point with a
depth 2.1 mm, the minimum feed and a speed 210 m/min is the optimum point. The

corresponding minimum specific production cost is 30999 $/m’ which is nearly two times

that of 16866 $/m’ in example 1.
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Figs.5-10(a) and Fig.5-10(b) show the results obtained using the optimisation
program discussed above with maximum production rate as the economic criterion. Once
again the third grid point (Fig.5-8) is the optimum point for this economic criterion. The
corresponding specific production time is 14645 min/m’ which is also nearly two times

that of 7968 min/m” in example 1.

Cutting speed (m/min)

Feed (mm/rev)

Depth of cut (mm)

Fig. 5-10(a) Worked Example 3: Optimum Cutting Speeds at Feasible
Points for Specific Production Time
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Fig. 5-10(b) Worked Example 3: Specific Production Time Values at

Feasible Points
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In example 1 the grid point corresponding to the maximum depth/feed
combination was the optimum which was also unconstrained. In this example the larger
work diameter (200 mm compared to 50 mm in example 1) has made the above grid .
point unfeasible due to power constraint. The optimum grid points corresponding to
minimum cost and maximum production rate economic criteria have been obtained using
the search procedure developed. However, it can be seen that the production cost and
time corresponding to these optimum points are approximately twice as much as those

obtained in example 1.

Example 4

In a production situation the carbon content of incoming steel can vary around the
nominal amount recommended. To consider the effect of varying carbon content in work
material on the optimum cutting conditions, example 1 was considered again but this
time the carbon content of the work material (AISI-1045) was changed from 0.45%C to
0.52%C (the maximum allowable variation was 0.07%C), while the rest of machining
parameters were kept the same as those in example 1. Since the chemical composition of
work material is changed, the constants for tool life equation (Eq.(3-4)) are recalculated
using the procedure described in section 5.21. These new constants are given below.
= 320181.3 y = 2.63 c. = 1.67 d; =0.0007.

Using the above constants, the optimum tool life calculated is 6.33 min, which is
greater than that (6.12 min) in example 1. Therefore the optimum cutting speeds at the
grid points on the boundary are now lower than those in example 1. Although the
optimum grid point corresponding to the minimum specific production cost/time is still
the point with maximum depth, maximum feed and the lowest speed, the value of
minimum specific production cost/time is slightly different.

Table 5-1 shows the differences of these optimum results with changing carbon
content in the work material. From the results given in Table 5-1, it can been seen that
with the carbon content is increased from 0.45% to f0.52%, for minimum cost objective
criterion the optimum cutting speed has decreased from 101 m/min to 95.4 m/min. This

decrease in optimum cutting speed has resulted in a 4.99% increase in the specific
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production cost. For the maximum production rate criterion, with the above increase in
carbon content, the optimum cutting speed has decreased from 109 m/min to 104 m/min.
This decrease in optimum cutting speed has resulted in a 5.17% increase in the specific
production time. The calculated results for the above examples were also given in the

tables in Appendix C.

Table 5-2 Comparison of Optimum Results with Changing Carbon Content
(Work Material: AISI 1045)

Optimum cutting conditions Economic values
Debth of cut Feed Optimum | Optimum | Specific | Specific
Carbon content elz Im; ) cu ( m;/erev) speed for | speed for | production|production
(%C) cost time cost time
(m/min) | (m/min) | ($/m’) | (min/m’)
045 (C1) 2.5 0.64 101 109 16866 7968.4
0.52 (C2) 2.5 0.64 95.4 104 17707.7 8380.6
% Difference with - - -5.54 -4.59 499 5.17
respect to C1

Note that the optimum cutting conditions given in the above examples compare
favourably with those recommended by the tool manufacturers for the tooUworkpiece
combination considered. Theses results show that the described optimisation procedure
using the machining theory can be used to determine the optimum cutting conditions in

rough turning.
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CHAPTER SIX - Conclusions and Suggestions
for Further Work
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Chapter 6 Conclusions and Suggestions for Further Work
6.1 Concluding Remarks

Since the cost of machining on the expensive advanced machines is sensitive to the
cutting conditions, optimum values have to be determined before a part is put into
production. The optimum cutting conditions in this context are those that do not violate
any of the constraints that may apply on the process and satisfy the economic criterion.

Since many of the constraints are influenced by parameters such as tool life and
cutting forces, one has to estimate these parameters with a reasonable degree of
accuracy. In most of the optimisation procedures investigated, the prediction of these
parameters has to be done using empirical equations. But the required empirical data for
a given job are not readily available. In addition it is extremely time consuming and
expensive to obtain and manage these data. This has resulted in a limited application: of
these optimisation procedures. Therefore an alternative to the above empirical approach
that can be used to predict cutting forces, tool life, etc. is of great value.

The variable flow stress machining theory which has been extended to the more
general case of oblique machining with nose radius tools using the concept of equivalent
cutting edge, was used in the described work to predict cutting forces, temperatures,
stresses, tool life, etc.. This minimised the empirical data required in determining
optimum cutting conditions for oblique machining with nose radius tools. In addition, it
was shown that a modified form of extended Taylor tool life equation can be used to
predict the tool life with good accuracy. The required constants for this equation were
determined using a method which used the machining theory. This approach greatly
reduced the amount of experimental work needed in collecting tool life data as it allows
variations in work material properties and tool geometry to be allowed for independently
of experiments.

Since plastic deformation of tool has adverse effects on the machining process, it
has to be incorporated in determining the optimum cutting conditions. An analytical
model developed to calculate the stresses inside the cutting edge of a tool has been
proven to be effective. Using this model, a method has been developed in the present

work which has been successfully used to predict cutting conditions at which the cutting
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edge starts to deform plastically when machining with oblique nose radius tools. It has.

been shown that tool stresses and temperatures determined from the machining theory

could be used together with experimental high temperature compressive strength data for .

the tool material to make these predictions. Experiments were carried out to check the
accuracy of this method. The comparison made between predicted and experimental
results obtained for two plain carbon steel work material and a range of cutting
conditions shows good agreement.

The optimisation procedure incorporating the above methodologies has been
presented in this work for determining the optimum cutting conditions for turning
operations. A number of worked examples were given to demonstrate and validate the
optimisation procedure. Based on the results of these worked examples, the following
have been noted:
® At a given depth, it is much more economical to machine using a high-feed/low-
speed combination than a low-feed/high-speed combination when none of the process
constraints are violated.

(i) At a given depth/feed combination, the optimum speed for minimum cost
criterion is lower than that for maximum production rate criterion due to the fact that
tool life for minimum cost criterion is greater than the tool life for maximum production
rate criterion.

@iii) Due to superior wear characteristics of the coated tool, the optimum cutting
speeds for this tool are much higher than the corresponding speeds for an uncoated tool
used.

(iv)  Due to the power constraint, the d-f plane grid point corresponding to the
maximum feed/depth combination might be unfeasible when a work material with larger
diameter is machined. When that happened, the production cost/time was found to
increase considerably.

W) The effect of varying carbon content in work material on the optimum cutting
conditions should be considered in practice. It has been shown that the differences of the
optimum cutting conditions and the resulting production cost/time due to the maximum
allowable variation of carbon content is about 5%.

(vi) The optimum cutting conditions given in the above examples compared

favourably with those recommended by the tool manufacturers for the tool/workpiece
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combination considered. The results indicated that the optimisation procedure developed

in this work is capable of selecting the appropriate cutting conditions.

There is no need to emphasise that the computer program is valuable in the .

obtaining of optimum cutting conditions. The need for this is, for instance, increasingly
being recognised during the last twenty years or so by the management of small

workshops and particularly those who operate CNC-lathes.

6.2 Suggestions for Further Work

The optimisation procedure presented in this thesis has been successfully applied in single
pass turning. It is recommended that the present method would be extended to the multi-
pass turning situation and for that purpose an approach similar to the one described by
Arsecularatne et al (1992) could be used. The strength of the described method lies in
the use of fundamental thermal and flow stress properties of the work material in making
machining predictions. At this stage analysis has to be restricted to plane face tools
which may limit the practical value of the work. In particular chip breaking constraint
needs to be incorporated into the optimisation procedure so that the method can have
wider application. This will require the machining theory to be extended so that cutting
forces, tool life, etc. for chip breaker tools can be predicted. As a first step towards the
prediction of cutting forces for these tools a method has been developed (Arsecularatne
and Oxley, 1997) by which the cutting forces can be predicted in orthogonal machining
with restricted contact tools. The method uses orthogonal machining theory (Oxley,
1989) to predict the cutting forces and natural tool-chip contact length for the equivalent
plane face tool. These parameters are then used together with suitable empirical
equations to predict forces under restricted contact conditions. It is recommended that
further work be done to extend this approach to predict cutting forces, tool life, etc.
where machining with commercial chip breaker tools. Once completed, this work should
offer an alternative, far more efficient approach to selecting cutting conditions when

using tools with chip breakers than the empirical methods widely used at present for this

purpose.
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It is also recommended that the method used to predict tool plastic deformation

be extended to tools with chip-breakers in the near future for wider applications.
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Appendix A Data for Prediction of Tool Life for Seco S4

Tool Material and AISI 1022 Steel Work Material

1 Tool: Seco S4 (rake angle = 10 deg; inclination angle = 10, -10 deg; side cutting
edge angle = 10, 20 deg; tool nose radius = 0.4, 0.8 mm ).

(i1) Work material: AISI 1022 carbon steel (0.19%C, 0.88%Mn, 0.27%Si,
0.085%Cr, 0.021%P, 0.02%S, 0.02%Ni, 0.02%Cu, 0.02%Ti and 0.05%Mo).

(iii)  The constants for Eq.(5-1): A =52.97, B =-16.997 (Arsecularatne, 1998)

(iv)  Cautting conditions and corresponding temperatures from the machining theory
and the predicted values of tool life from Eq.(5-1):

w (mm) tc (mm) U (m/min) Tint (deg) T:(K) T (min)
1.5 0.2 150 832.7 995.13 107.05
1.5 0.2 190 874.4 1032.66 57.52
1.5 0.2 250 928.7 1081.53 26.22
3.5 0.3 170 894.3 1050.57 42.95
35 0.3 210 937.8 1089.72 23.07
3.5 0.3 260 985.1 1132.29 12.03
4.5 0.5 160 947.9 1098.81 20.03
4.5 0.5 200 998.6 1144.44 10.03
45 0.5 240 1043.6 1184.94 5.56

5 0.25 155 861 1020.6 70.23
5 0.25 195 905 1060.2 36.78
5 0.25 255 962 1111.5 16.48
2 0.45 150 916 1070.1 3141
2 0.45 190 966.7 1115.73 1545
2 0.45 250 1031.5 1174.05 6.50

(i) Calculated constants for tool life equation (Eq.(3-4)):
A, = 1073138 by = 2.9502 c. = 1.6899 d, = 0.0206.
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Appendix B Input Data for Worked Examples

Example 1;

) Work material: AISI-1045 plain carbon steel bars of chemical composition
0.45%C, 0.01%P, 0.66%Mn, 0.053%Si, 0.031%S, 0.01%Ni, 0.02%Cr, 0.01%Mo,
0.01%Cu and 0.001%Al. "

(i1) Tool material: chemical composition of P25 grade carbide tool insert was 7.6-
8.4%TiC + 3.5%Co + 11-12%TaC. Tool geometrical data were: rake angle = -6 deg,
inclination angle = -6 deg, side-cutting edge angle =27 deg and nose radius = 0.8 mm.
(i) Economic data: x = 1.67 $/min, y=3.2 $, t;=2 min.

(iv)  Tool life equation data (constants for Eq.(3-4)):

A;=281104 b, =2.56319 c. = 1.66511 d, =0.0.

The minimum and maximum tool life values were assumed to be: Ty, = S min, T =
100 min.

) The high temperature shear strength curve for P25 I!carbide tool was obtained
using the method described in chapter 4. It is given by T=2 248x10” T,

(vi)  Machine tool’s power- speed characteristics was given by Fig.3-2.

Npreak1 = 1000 rev/min, Ppreari = 11.3 KW;  Nireaki2= 3000 rev/min, Pprear = 10.4 kKW,
Noreaxs = 4500 rev/min, Pyrears = 6.9 kW.

Example 2:

@) Work material: AISI-1045 plain carbon steel bars of chemical composition
0.45%C, 0.01%P, 0.66%Mn, 0.053%Si, 0.031%S, 0.01%Ni, 0.02%Cr, 0.01%Mo,
0.01%Cu and 0.001%Al.

(ii) Tool material: P15 grade carbide tool insert was used in this example. Its

chemical composition was assumed as the same as that of P25 grade tool insert used in
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example 1. Tool geometrical data were: rake angle = -6 deg, inclination angle = -6 deg,
side-cutting edge angle = 27 deg and nose radius = 0.8 mm.

(i) Economic data: x = 1.67 $/min, y =3.2 $, t=2 min.

(iv) Tool life equaiion data (constants for Eq.(3-4)):

A = 278351778 b,=3.0 =12 d. =0.22.

The minimum and maximum tool life values were assumed to be: Tp, = 5 min, T =
100 min.

v) The high temperature shear strength curve for P25 |carbide tool was obtained

using the method described in chapter 4. It is given by T=2 248x10% T*%.

(vi) Machine tool’s power- speed characteristics was given by Fig.3-2.

Nireax1 = 1000 rev/min, Pyea; = 11.3 kW;  Nirear12= 3000 .reV/min, Poreac = 10.4 kW;
Nirears = 4500 rev/min, Pyrears = 6.9 kKW,
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Appendix D A Published Paper

Meng, Q., Arsecularatne, J.A. and Mathew, P., 1998, Prediction of the Cutting

Conditions Giving Plastic Deformation of the Tool in Oblique Machining, International
Journal of Machine Tools & Manufacturing, 38, pp1165-1182.
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Pergamon |yierational Journal of Machine Tools & Manufacture 38 (1998) 1165-1182

Prediction of the cutting conditions giving plastic
deformation of the tool in oblique machining

Q. Meng, J.A. Arsecularatne, P. Mathew”

School of Mechanical and Manufacturing Engineering, The University of New South Wales, Sydney 2052, Australia
Received 1 December 1997; in final form 22 December 1997

Abstract

A method is described for predicting cutting conditions at which the cutting edge starts to deform plas-
tically when machining with oblique nose radius tools. It is shown how tool stresses and temperatures
determined from machining theory can be used together with experimental high temperature compressive
strength data for the tool material to make these predictions. A comparison made between predicted and
experimental results for two plain carbon steel work materials and a range of cutting conditions shows
good agreement. © 1998 Elsevier Science Ltd. All rights reserved.

Keywords: Plastic deformation; Oblique machining; Nose radius tools; Hot compressive strength; Stress analysis

Nomenclature

C, side cutting edge angle (deg)

d depth of cut (mm)

f feed (mm/rev)

F frictional force at tool-chip interface (N)

Fe orthogonal force component in direction of cutting (N)

Fy orthogonal force component normal to F acting in plane normal to cutting edge
(N)

F shear force on AB (N)

Fr force component normal to F and F (N)

i inclination angle (deg)

kap shear flow stress on' AB (N/mm?)

* Corresponding author.

0890-6955/98/$19.00 © 1998 Elsevier Science Ltd. All rights reserved.
PII: S0890-6955(98)00011-X
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Kenip shear flow stress in chip at tool—chip interface (N/mm?)

N normal force at tool—chip interface (N)

r radial distance of element from cutting edge (mm)

r. tool nose radius (mm)

R resultant force in orthogonal chip formation model (N)

t undeformed chip thickness (mm)

1) chip thickness (mm)

T average temperature along tool-chip interface (°C)

U cutting speed (m/min)

w width of cut measured along cutting edge (mm)

a tool rake angle (deg)

o, tool normal rake angle (deg)

¢ shear angle (deg)

Ne chip flow angle (deg)

Mo chip flow angle due to the effect of the nose radius measured from the normal to
the side cutting edge on the reference plane (deg)

0 angle made by the tool element with the tool rake face (rad)

o average normal stress on tool flank-work interface (N/mm?)

On average normal stress on tool rake face (N/mm?)

v, normal stress component in the radial direction (N/mm?)

(i normal stress component in the circumferential direction (N/mm?)

Tg average shear stress on tool flank—work interface (N/mm?)

Tint average shear stress on the tool—chip interface (N/mm?)

Trmax maximum shear stress in the tool (N/mm?)

Too shear stress component (N/mm?)

) stress function

* star sign to indicate angles associated with equivalent cutting edge

1. Introduction

The tendency of cutting tools to deform plastically under the influence of the high compressive
stresses and temperatures encountered during machining at high speeds and feeds has been dis-
cussed by a number of researchers. Plastic deformation of the tool changes the geometry of the
cutting edge which in turn causes accelerated rates of tool wear, resulting in a decrease in tool
life and in the machined surface quality. Plastic deformation can also cause catastrophic tool
failure which can damage the component, the tool and/or machine tool and thus interrupt the
machining process substantially. In obtaining the optimum cutting conditions it is important to
determine the conditions that cause tool plastic deformation and avoid them.

This paper presents a method by which the tool temperatures, stresses and subsequently tool
deformation conditions can be predicted in turning with oblique nose radius tools using as a basis
the orthogonal machining theory developed by Oxley [1] and his co-workers. This theory, which
takes account of variations in work material flow stress with strain, strain-rate and temperature,
has been applied with considerable success in predicting cutting forces, temperatures, etc. from
a knowledge of the work material properties and the cutting conditions.
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2. Review of previous work

In recent years there has been a rapid development and implementation of advanced machining
systems designed to manufacture components efficiently and at low cost. Since the efficiency and
operating cost are sensitive to the cutting conditions, optimum values have to be determined
before a part is put into production. Procedures reported so far to determine the optimum cutting
conditions are based on various nomograms, graphical techniques, performance envelope, linear
programming, geometrical programming, and search procedures [2]. In calculating the optimum
cutting conditions (speed, feed and depth of cut) it is important to avoid the conditions that cause
built-up edge (BUE) formation and accelerated rates of tool wear as these have a major negative
influence on surface finish, tool life and dimensional accuracy. In this connection the so called
machining charts prepared by Trent [3] which show the ranges of feeds and speeds for a given
combination of work and tool material under which BUE, rapid cratering and plastic deformation
of the tool cutting edge can occur are useful. _

Cook and Goldberger [4] have outlined a method of selecting the feed to give maximum metal
removal rate using the results obtained from tool life tests when machining 4340 steel using
carbide (Carbaloy 370) tools. For a given feed, tests were made at a number of cutting speeds
and the results were cross-plotted to determine the speed which would give a flank wear land
width of 0.25 mm after 10 min of cutting. When plotted on a log(speed) versus log(feed) graph
they were able to represent the tool life results by two straight lines with the line for the higher
feed range steeper than that for the lower feed range. It was also shown that the feed corresponding
to the maximum metal removal rate is given by the feed value at the intersection of the two lines
(referred to as f,,,,). Cook and Goldberger have shown how this f,, value decreases as the
hardness of the 4340 steel is increased. They also carried out a series of tool-life tests to determine
the feed required to actually break the tool-tip. It was found that the value of f,,, (based on wear)
was substantially less than the feed required for fracture. Cook and Goldberger offered no expla-
nation of why their results show that it is necessary to reduce the cutting speed far more rapidly
with increase in feed above f,,, in order to maintain the same tool life. Nachev and Oxley [5]
in considering this observation suggested that f, .. corresponds to those conditions where the
cutting edge starts to deform plastically. This is also consistent with the experimental results of
Trent [3] and Kuljanik [6] which show that accelerated rates of flank wear can occur when the
flank face is bulged outwards by the high stresses acting on the rake face. Trent found that carbide
tools could be plastically deformed by 5-10% without visible fracture damage to the structure.
He also suggested that the high rates of metal removal attainable with carbide tools results mainly
from their ability to resist plastic deformation of the cutting edge at high temperatures.

The empirical approach given in [4] or the machinability charts [3] are useful in determining
the cutting conditions for maximum metal removal rate without affecting surface finish, tool life,
etc. However these methods require a huge amount of empirical data which can be extremely
costly in terms of time, work material and tool requirements. In order to overcome this problem
Nachev and Oxley [5] presented a method to predict those cutting conditions giving plastic defor-
mation of the cutting edge using the tool stresses and temperatures predicted from machining
theory together with the high temperature compressive strength data of the tool material given
by Trent [3]. Their approach is now considered.

In predicting those conditions which will cause plastic deformation of the cutting edge the
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factors of interest are the tool stresses and temperatures. The machining theory used, assumes a
perfectly sharp tool with no forces acting on the clearance face and provides values of average
stresses and temperatures on the tool rake face. Nachev and Oxley assumed that the average tool—
chip interface temperature, T, can be taken to represent the cutting edge temperature and that
the average normal stress at the interface oy would be the stress that causes deformation of the
cutting edge. They calculated the values of oy and T}, from the machining theory for two plain
carbon steels (0.19%C and 0.48%C) for feeds in the range 0.2-0.5 mm/rev and cutting speeds in
the range 100-500 m/min. Calculations were made for only one rake angle, i.e. @ = 5°, which
was the rake angle of the tips used in the subsequent tests. The predicted results for oy and T,
were then plotted (Fig. 1) together with the curve which was assumed to represent the hot com-
pressive strength properties of the tool material. The oy lines given in Fig. 1 are lines of constant
feed with cutting speed increasing along the lines from left to right. The intersection of the oy
curves with the curve representing the compressive strength of the tool material were assumed
to give the feed/speed combinations at which the tool starts to deform plastically. In order to
determine the accuracy of these predictions Nachev and Oxley carried out bar turning tests using
similar work and tool materials as used in making the predictions. In the tests the feeds used
were the same as those used in making predictions and the starting cutting speed in each test was
selected to be approximately the same as the speed at which deformation was predicted to occur.
By varying the speed in subsequent tests they were able to determine the speed at which the tool
starts to deform plastically within 50 m/min. When the predicted results were compared with the
experimental results reasonable agreement was found to exist.

In the work described in [5] the shear stress acting on the tool rake face and the normal and
shear stresses on the flank face were not taken into account and it was assumed that the average
normal stress on the rake face oy was the stress that causes deformation of the cutting edge.
Attention was also limited to approximately orthogonal conditions.

In this paper more realistic account is taken of the mode of cutting edge failure under the
action of all of the stresses acting by considering a criterion of failure based on the maximum
shear stress at the cutting edge. The analysis is also extended to oblique conditions for a tool
having a nose radius.

3. Failure of cutting tools

The starting point for predicting the conditions giving plastic deformation of the cutting edge
is to make a stress analysis for the region of the tool adjacent to the cutting edge. Kronenberg
[7] has done this previously but limited his attention to a wedge under the action of a single load
acting at the wedge apex. In the present work account is taken of the stress distributions at the
rake and flank faces of the tool rather than reducing these to a single force.

Figure 2 shows the stresses assumed to act at the cutting edge in the analysis. For the sake of
simplicity the rake and clearance angles of the tool have been assumed to be zero which is
reasonable for carbide tools. The normal and shear stress distributions on the rake face have been
assumed to be uniform. In support of this it should be noted that Arsecularatne [8] who reviewed
the experimental methods used to determine rake face stress distributions and the reported results
concluded that, for a sharp tool, shear and normal stresses reach constant values as the cutting
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Fig. 1. Curves of tool material (S25M) hot compressive strength and predicted tool stresses and temperatures (after

Nachev and Oxley [5}).

edge is approached. At this stage, and lacking more detailed information it also seems reasonable
to assume uniform stress distributions at the flank face.

Consider the equilibrium of the element P at r, 6 (Fig. 2). The normal stress components in
the radial and circumferential directions are denoted by o, and o, while the shear stress component
is denoted by T1,,. From the equilibrium of the element P in the circumferential and radial direc-
tions (neglecting the body force) the general form of relations for the stress components can be
obtained as shown by Timoshenko and Goodier [9] in the form
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where i is the appropriate stress function. -
For the boundary conditions given in Fig. 2, the following equations for these stress components

can be obtained using the expression for ¢ given in [9]

1
o, =3 [(cos 20 — 1oy — (cos 20 + 1)o;

) T T ) T T
- (sm 20 + > cos 20 — 26 + 2) Tint (sm 20 2 cos 20 + 26 2) 7,]

1
=3 [" (cos 28 + 1)oy + (cos 26 — 1)a¢ @)
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The maximum shear stress at P, 7., can be obtained in terms of the above stress components as

Oy — O, \*
Tmaxz\/'rze"'(‘%_)

The maximum value of T1,,,, occurs at a value of @ given by

(0' 0-N) + 5 (Tmt Tf)
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with 7, then given by
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Note that the maximum shear stress in the tool 7,,, does not depend on r. This is due to the
assumption of uniform shear and normal stress distributions on the rake and flank faces of the
tool near the cutting edge. Beyond this region 7, will depend on r. However, since deformation
is mainly restricted to the cutting edge region, as will be seen later, it is sufficient to consider

Tmax 1D the region where constant boundary stresses apply.

When considering plastic deformation of a tool working at high temperatures, the failure cri-

terion can be taken as [10]
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where 0o, is the uniaxial compressive strength of the tool material at the onset of plastic defor-
mation. In practice, it is assumed that when 7, reaches a value of 0y ,s/2, i.e. when

T0.05

2 M
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the tool starts to deform plastically where oy s is the 5% proof stress for the tool material determ-

ined from high temperature uniaxial compression test data such as that given by Trent [3].
Thus 7., and hence the cutting edge plastic deformation conditions can be determined if oy,

Tin» Op Tr and T, are known. The following sections describe the methods used to obtain these

parameters.

4. Tool temperatures and stresses in oblique machining

Using extensive experimental results it has been shown that the orthogonal machining theory
[1] can be extended to predict the chip flow direction and cutting forces in oblique machining
with nose radius tools by introducing the concept of an equivalent cutting edge [11]. It has also
been shown that predicted tool temperatures can be used to determine the built-up edge formation
range [12] and tool life [13] with reasonable accuracy. The method used in the present work to
determine the tool temperature and stresses in oblique machining, which is based on this previous
work, is now described.

4.1. Chip flow direction and equivalent cutting edge

In order to predict the chip flow direction the method adopted for nose radius tools with non-
zero rake and inclination angle tools is as follows. The chip flow angle due to the effect of the
nose radius is determined first by assuming a tool with zero rake and inclination angles irrespective
of their actual values. The equivalent cutting edge for this case is taken to be at right angles to
the chip flow direction. The line representing this equivalent cutting edge is now projected onto
the face of the tool with non-zero rake and inclination angles with the projected line assumed to
represent the equivalent cutting edge for the actual tool. Since this method is discussed in detail -
in reference [11] what follows is only a brief review of the method.

4.2. Chip flow angle due to the effect of nose radius

In the method described in [11] the chip is treated as a series of elements of infinitesimal width.
The frictional force component for each element changes in magnitude as well as direction. These
frictional force components are summed up in order to find the resultant and it is assumed that
this resultant coincides with the chip flow direction. In this way the resultant chip flow angle due
to the nose radius effect, Qo can be determined from the relation
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where dA is the area of the undeformed chip element and (), is the angle a chip element makes
with the outward radial direction. By integrating the numerator and denominator of Eq. (8) over
the entire area of undeformed chip section, the chip flow angle €, is determined. These relations
are given in reference [11].

It is also possible to define the chip flow angle with reference to the normal to the straight
side cutting edge of the tool. As depicted in Fig. 3, if this angle is denoted by 7,, it can be related
to (), by the relationship

ar PR
no=§-Cs—Qo )

4.3. Modified tool angles and equivalent cutting edge

Using three dimensional geometric analysis the equation for 7, , which is the projection of
7o on the tool rake face plane as shown in Fig. 3, is obtained as follows

axis of work /-/_/_/.
\
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R ]CS ‘\ d
A
—_— \\ :
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N
T -\.:
///////////////////////’”m
equivalent cutting edge

Fig. 3. [Equivalent cutting edge and tool angles.
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taken as the value which makes 7;,, = k., as the assumed model of chip formation is then in equi-
librium. .
So far the machining theory has mainly been applied to making predictions for steel work
materials with the required flow stress properties obtained from high speed compression tests
made over a wide range of temperatures. The thermal properties used in calculating temperatures
have been determined from well established empirical equations. The theory has been applied to
the prediction of cutting forces, temperatures, stresses etc. for wide ranges of cutting conditions
and steels [1]. Good agreement has been shown between predicted and experimental results.

4.6. Stresses on the tool flank—work interface

As mentioned earlier when the cutting edge radius is small enough to be neglected, it is reason-
able to assume uniform shear and normal stress distributions on the tool flank-work interface as
shown in Fig. 2. Based on an investigation on the contribution of the tool flank wear to cutting
forces in orthogonal machining, Li [15] pointed out that the tool flank-work interface shear stress
7. and normal stress oy can be obtained using the empirical relations:

_ 0.0528F

o= (12)

0.0671F¢
Te= —

where ¢, F¢ and Fr are undeformed chip thickness, cutting force and feed force, respectively.

5. The prediction of cutting conditions giving plastic deformation of cutting edge

In predicting the conditions which give plastic deformation of the tool the maximum shear
stress in the tool was determined from Eq. (5). In making the calculations the following three
cases of tool loading were initially considered:

Case I, when on#0, 7,70, 0:%#0, and 7+0
Case II, when ow#0, 7,70, and oy =7, =0
Case HI, when on#0 and 7 = 0r =7, =0

It can be seen that Case III is that considered by Nachev and Oxley [5] in which case as shown

by Eq. (5),
_ o
2 _ (13)

Tmax

It should be noted that in considering cutting edge deformation only the stresses acting on
element P as shown in Fig. 2 have been taken into account. This neglects the possible influence
of the stresses normal to the plane in Fig. 2. Preliminary calculations show that this will only
introduce an error in Case II and that this error is relatively small.



Q. Meng et al./International Journal of Machine Tools & Manufacture 38 (1998) 1165-1182 1177

In order to determine which of the above three cases is the most appropriate in predicting
cutting conditions giving plastic deformation of the cutting edge, the predicted results for each
case were compared with the experimental results of Nachev [16] and Nachev and Oxley [5]
obtained from approximately orthogonal machining tests. These workers determined the experi-
mental plastic deformation conditions for two plain carbon steel work materials (0.19%C and
0.48%C) using P25 grade (Seco-Titan S25M with chemical composition WC + 6.5%TiC +
9.5%Co + 14.5%(TaC + NbC)) TPGN-220408 carbide tools. Although the S25M carbide tool
has 6.5%TiC, it was considered by Nachev and Oxley to be near enough to the alloy of chemical
composition WC + 5%TiC + 9%Co tested by Trent to justify using Trent’s curve for this material
to represent the hot strength properties of the S25M carbide used in their machining tests. In what
follows this was again assumed to be the case.

In applying the above three cases to predict the cutting speeds which will cause plastic defor-
mation of the cutting edge the method used was basically the same as that depicted in Fig. 1 and
described earlier in the paper. However, as the maximum shear stress 7,,,, was now used as the
failure criterion Trent’s curve was plotted in terms of maximum shear strength which was taken
as half the value of the corresponding hot compressive strength. The predicted cutting speeds
giving plastic deformation were then taken to be the values at the intersections of this curve with
the 7., curves calculated from the machining theory and Eq. (5). A computer program written
in C-language was used in the present work to make all of the necessary calculations. The input
data to the program includes: work material composition, tool geometrical data (rake angle, incli-
nation angle, side-cutting edge angle and nose radius), high temperature shear strength of tool
material, feed and depth of cut and an assumed initial cutting speed value. The steps involved are:

1. Determine the equivalent cutting edge geometry for the given oblique nose radius tool, depth
of cut and feed.

2. For this equivalent cutting edge and the assumed cutting speed, determine the forces F, Fr,
temperature 7;, and tool stresses using the machining theory.

3. Calculate the maximum shear stress 7,,, for the appropriate case from Eq. (5).

4. Determine the cutting speeds corresponding to the intersections of the two curves using a bi-
section search method [17].

The experimental results of Nachev and Oxley [S] are given in Fig. 5(a) and Fig. 5(b) for the
0.19 and 0.48% carbon steel respectively with the filled in symbols indicating the cutting speeds
for which plastic deformation was observed and the open symbols indicating cutting speeds
50 m/min lower for which no plastic deformation was observed. The predicted results for the
" three cases discussed above are given by the lines.

From Fig. 5, it can be seen that the predicted plastic deformation speeds show the same trends
as the experimental results with reasonably good quantitative agreement. However, the predicted
- results can be seen to overestimate the cutting edge’s ability to resist plastic deformation with
the smallest overestimation corresponding to Case I which takes into account the shear and normal
stresses acting on both the rake and flank faces of the tool. Case I represents the most realistic tool
edge loading conditions and it is not surprising that this gives the best predictions. Experiments are
now described which were made to check the effectiveness of the proposed method when extended
to oblique machining conditions. :
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Fig. 5. Comparison between predicted and experimental plastic deformation cutting conditions: (a) 0.19%C steel; (b)
0.48%C steel.

6. Experimental procedure

The experiments were made on a lathe using a bar turning process under dry conditions. For -
each test condition, it was necessary to measure the plastic deformation of the cutting edge after
machining for a predetermined time interval. Tool plastic deformation is affected by the work
material, tool material, tool geometrical parameters, cutting conditions, etc. In order to keep the
experiments to ‘a manageable number priority was placed on the parameters having greatest rel-
evance to the present investigation. The selected ranges of each parameter are given below.

1. Work materials. A nominal AISI-1045 plain carbon steel bar of chemical composition 0.45%C,
0.01%P, 0.66%Mn, 0.053%Si, 0.031%S, 0.01%Ni, 0.02%Cr, 0.01%Mo, 0.01%Cu and
0.001%Al was used as one work material. The other material used was a nominal AISI-1030
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plain carbon steel bar with a chemical composition of 0.30%C, 0.013%P, 0.68%Mn, 0.26%Si,
0.011%S, 0.02%Ni, 0.01%Mo, 0.02%Cu and 0.025%Al.

2. Tool material and tool geometry. Uncoated P25 grade DNGA-150408 carbide inserts (without
chipbreaker groove) with a chemical composition 7.6-8.4%TiC + 3.5%Co + 11-12%TaC were
used on a PDNNR2525 tool holder. The tool geometrical parameters were normal rake angle
a, = — 6°, inclination angle i = — 6°, nose radius r_ = 0.8 mm, side cutting edge angle C, =
27° and clearance angle 6°.

3. Cutting conditions. Feeds f = 0.2, 0.25, 0.315, 0.4 and 0.45 mm/rev and depth of cut d =
2.5 mm were used. The initial cutting speed in each test was selected to be approximately the
same as the speed at which deformation was predicted to occur.

The machine tool used for the tests was a 37 kW Heidenreich and Harbeck VDF precision
lathe having a variable speed motor with speeds 0-5600 rev/min. The available feed range was
0.01 to 0.71 mm/rev. The original DNGA-150408 inserts were provided with all faces ground by
the manufacturer. The flank face of each cutting edge was checked for flatness using the same
method adopted for checking plastic deformation which is to be described later in this section.
Finally each cutting edge was numbered and randomly assigned to a test in order to minimise
the influence of variations in work and tool material properties, etc.

For each test machining was carried out at a cutting speed which was selected to be approxi-
mately the same as the speed at which deformation was predicted to occur. If in this initial test
no deformation was observed further tests were made with the speed increased in increments of
40 m/min until deformation was observed. If deformation was observed further tests were made
with the speed decreased in increments of 40 m/min until no deformation was observed. In all tests
it was found that 20 s machining time was sufficient for steady state conditions to be achieved.

A number of methods were tried for measuring the plastic deformation of the cutting edge,
and the following method, although one of the simplest, gave the best results. The flank face of
the tool which was expected to bulge outwards when plastic deformation has occurred was care-
fully cleaned to remove any adhering steel, etc. The flank face was then held firmly on a polished
surface and the two surfaces were placed in front of a strong light and examined from the front.
If deformation had not occurred the flank surface was flat and in close contact along its length
with the polished surface thus there was no gap between the two surfaces and hence no light
could be seen. If deformation had occurred then light could be seen through the resulting gap
between the two surfaces which was formed due to the bulged out flank face near the cutting edge.
With this method it was possible to detect even small amounts of plastic deformation occurring in
the nose radius part of the tool flank face.

When the deformed inserts were further examined it was found that bulging out of the flank
face had occurred in a small region near the cutting edge. This justifies the use of the equation
for 7.« (Eq. (5)) which was derived for the region where uniform boundary stresses were assumed

to apply. '
7. Results and discussion
7.1. Determination of high temperature shear strength data for the tool material

In order to determine the predicted deformation conditions it was first necessary to determine
the high temperature shear strength curve for the P25 grade carbide tools used in the experiments.
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From the data given by Trent [3] it is clear that the hot compressive strength is directly related
to the TiC content of the tool material with, at a given temperature, the 5% proof stress increasing .
with increase in TiC content. Since the P25 grade carbide used in the tests had 7.6-8.4%TiC, it
was assumed that the curve representing its hot compressive strength would lie in the middle of

the curves given by Trent [3] for tool materials of chemical composition WC + 5%TiC + 9%Co
and WC + 12%TiC + 7%Co.

7.2. Comparison of predicted and experimental results

The lines given in Fig. 6(a) and (b) represent predicted speed/feed combinations for the 0.30%C
and 0.45%C steels respectively at which the tool starts to deform plastically. The predictions were
made using the procedure described above with the tool stresses corresponding to Case I assumed.
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Fig. 6. Comparison between predicted and experimental plastic deformation cutting conditions: (a) 0.30%C steel; (b)
0.45%C steel.
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Considering the relatively small inclination angles used with carbide tools it was also assumed
that the two-dimensional stress analysis (Section 3) is applicable to oblique machining. The experi-
mental results are given by the symbols with the filled in symbols indicating the cutting speeds
at which plastic deformation was observed and the open symbols indicating cutting speeds
40 m/min lower at which no plastic deformation was observed. From Fig. 6 it can be seen that
the predicted plastic deformation speeds show the same trends as the experimental results with
reasonably good quantitative agreement. In particular the speeds which cause tool deformation
can be seen to decrease with increase in feed and, at a given feed the speed which causes tool
deformation can be seen to decrease with increase in carbon content of the steel work material.
However the predictive method tends to overestimate cutting edge’s resistance to plastic defor-
mation, particularly at feeds below 0.4 mm/rev. One reason for this overestimation of the plastic
deformation cutting speed is due to possible underestimation of the stresses acting on the tool
flank face. Another reason is that the actual high temperature shear strength of the tool material
could have been lower than that given by the assumed curve, which is for a tool material with
approximately 8.5%TiC while the P25 grade tool material used in the tests had 7.6-8.4%TiC.
The results given in Fig. 6 also confirm that it is necessary to take into account the stresses acting
on both the rake and flank faces (Case I) of the tool in determining the plastic deformation
conditions as Case II and Case III were found to result in greater overestimations. It is expected
that the present level of agreement between predicted and experimentally observed deformation
conditions will be sufficiently accurate for most practical applications including the prediction of
optimum cutting conditions.

8. Concluding remarks

It has been shown how the cutting conditions that cause tool cutting edge plastic deformation
can be predicted for oblique nose radius tools from a knowledge of the hot compressive strength
of the tool material using machining theory combined with an analysis of the tool stresses. It is
hoped to extend the method to tools with chip-breakers in the near future.
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