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ABSTRACT

A Generalized Approach for Mechanics of Chip Formation in Steady-State and
Dynamic Orthogonal Metal Cutting Using a New Model of Shear Zone With Parallel
Boundaries and Its Validation to Cutting-Forces Prediction in Self-Piloting Machining

Mohammed Hayajneh, Ph.D.
Concordia University, 1998

This study presents a novel approach to the mechanics of chip formation based on a
shear zone model with parallel boundaries that has been developed by applying the
continuum mechanics to the analysis of the chip formation process. Such a model is
formulated without imposing the assumptions commonly made in the single shear or parallel-
sided shear zone models.

A steady-state cutting force model has been derived and adapted to orthogonal
cutting of a self-piloting drilling. In the formulated model, special attention has been
devoted to the thermomechanical state which defines the effect of the temperature on the
yield shear stress of the work piece material.

The proposed steady state cutting force model has been extended to formulate a
cutting force model to analyze the dynamic behavior of the machining process in orthogonal
cutting. The cutting system was modeled using a single degree-of freedom dynamic system
where the variations of the cutting forces are represented by their total differentials.

Special attention in this study has been dedicated to experimental verification. The
meaningful design, accuracy, precision, and the calibration of the experimental setups are
considered in details and several new experimental methodologies are proposed and used.

This study shows the fluctuation of the cutting forces is a result of chip segmentation
and not the cause. It also shows the effect of materials and cutting conditions on the cutting
signatures that has never been considered as a factor in the known studies on cutting

dynamics.
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Special attention has been devoted to the chip morphology of the partially and fully
deformed chips to verify the proposed model. A quick stop device has been designed to
obtain samples of partially formed chip

A new methodology has been proposed to align the machine such that the
misalignment between the tool and the workpiece is near zero to make sure that the measured

forces are not affected by any other sources. A low cost laser-camera based system has been

built to achieve this goal.
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1

INTRODUCTION

The ultimate objective of the science of metal cutting is the solution of practical
problems associated with the efficient and precise removal of metal from workpieces. A
properly founded solution of these problems is possible only when the laws governing the
cutting process are known. A knowledge of these laws makes it possible to foresee the
practical results of the cutting process, and thus to select the optimum cutting conditions for
each particular case. Since the knowledge exists in a form of theory, the theory of metal

cutting should be advanced.



A vast effort has been dedxcated in the past research to develop a suitable theory of
metal cutting. But instead of developing predictive theories, which enable prediction of
cutting performance such as chip formation, cutting force, tool wear, and surface integrity,
theories of descriptive, post-processing nature took over.

Over the last hundred years an extensive study on the machining of metals has been
carried out. Most of this focused on the down-to-earth reduction of machining costs and
pragmatic approach to the manufacture of parts of acceptable dimensional accuracy and
surface quality. Unfortunately, a much smaller volume of research has been devoted to
formulating the fundamental mechanisms underlying metal machining process in general,
as opposed to seeking case solutions for particular machining problems. The real boom in
fundamental metal cutting research, in the 60’s, has brought to the field both the recognition
of the need for an applicable metal cutting theory as well as the reputation of being extremely
complex. Since then the practice of metal cutting has been advanced by costly ways of trial
and error while the fundamental research has experienced a slow down after producing huge
amounts of data that match the practical results only occasionally.

The modern history of metal cutting began in 1945 when Merchant published his
vision of the metal cutting phenomena (Merchant, 1945). As demonstrated by an excellent
survey presented by the CIRP working group on chip control (Jawahir and van Luttervelt,
1993), numerous attempts to improve the theory proposed by Merchant failed to improve its
predictive ability. As aresult, no significant progress has been made and, after 30 years, the
theory is still lagging behind the practice. Shaw in his book (1984) summarizes his lifetime

experience in the field and concludes that it is next to impossible to predict metal cutting



performance.

Presently industry relies completely upon the empirical data as these are presented
by tool and machine tool manufacturers, as well as by professional engineering associations,
through handbooks and seminars. Since these recommendations do not result from a
common theory behind them, they provide only a good “starting point” thus leaving to the
users that, at their own cost, find out the optimal values of cutting parameters for each and
every particular case they may encounter. And, for an outside observer with the obscure
knowledge in the field, it may appear that the industry is doing very well this way.

At this point one may ask a logical question: “At the present stage of development,
do we really need a realistic metal cutting theory?””. The answer to this question is given in
the recent CIRP working paper (Armarego et al, 1996), the quote of which is as follows: “A
recent survey by a leading tool manufacturer indicates that in the USA the correct cutting
tool is selected less than 50% of the time, the tool is used at the rated cutting speed only 58%
of the time, and only 38% of the tools are used up to their full tool-life capability. One of the
reasons for this poor performance is the lack of the predictive models for machining The
same has been found in an earlier survey of cutting regime selection on CNC machine tools
in the American aircraft industry (Amarego, 1996) showing that selected speeds are far
below the optimal economic speeds.

The present study aims to re-evaluate the present models of chip formation (which
are in the very cores of the metal cutting theories) in hope to propose a better model of chip
formation for steady-state machining.

This work may be thought of as consisting of two logical general parts; theoretical



and experimental parts. The theoretical part comprise the proposed model, an analytical
evaluation of the steady-state force model and dynamic force model for wave removing
process. The second part concerns with the validating of the proposed model experimentally
and comparison of the obtained results with the theoretical values. It includes developing
a new experimental methodologies, designing the proper experiment setups and providing
the required apparatuses.

The model for steady-state cutting is based on a new velocity diagram proposed by
Astakhov and Osman (1996) and Hayajneh et al (1996) contrary to all the present studies on
metal cutting which use the Mercant’s velocity diagram. It is shown that the use of the
Merchant velocity diagram leads to the model of chip formation which is in obvious
contradiction with the mathematical theory of plasticity. According to this diagram, the
velocity of shearing exceeds the velocity of applied load when a tool with a negative rake
angle is used that is in contrary with the principle of mass continuity condition. Using the
proposed velocity diagram and the slip-line theory, a new model for chip formation is
formulated. A new model to calculate the cutting forces is also proposed. Since cutting
experiment is curried out on a deep-hole machine, the model was extended to be applicable
for deep-hole drills.

The model for wave-removing process utilizes the basics of the model for steady-state
cutting and is used to evaluate the dynamic cutting forces in orthogonal cutting. The cutting
system was modeled using a single degree-of freedom dynamic system where the variation
of the cutting forces are represented by their total differentials. The influence of temperature

on the flow shear stress of workpiece material is accounted
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Since cutting experiments are curried out to validate the theory, a special attention
was paid to the experimental methodology which includes the conditions of the experiment,
the characteristics of the setup used, the cutting regime, etc. It is clear that a slight change
in the experimental conditions may lead to a significant error in the obtained results, which,
in turn, may lead to wrong conclusion about the validity of the theory.

Among many important characteristics of the experimental setup, the accuracy of the
relative position and motion of the tool and the workpiece was of prime concern since it
affects the results dramatically. Unfortunately, this parameter has not been reported in the
known experimental studies on metal cutting. In the present study, therefore, a special
attention was paid to show significance of this accuracy. Since the cutting experiments have
been curried out using deep-hole machine, a new method for inspecting machine accuracy
has been proposed. It is shown that for deep-hole machines, the misalignment between the
tool and workpiece defines the above-mentioned accuracy. The effect of any misalignment
on the cutting process has been verified.

Cutting force measurement is an integral part of experimental studies in metal
cutting. In the present study two types of such measurement have been carried out:

L 4 measuring the steady-state component of cutting force
¢ measuring the dynamic component of cutting force.

Metallography of the formed and partially formed chip is an important part of any
experimental study in metal cutting. In this work it has been maintained that this kind of
experiment makes sense if and only if:

> The initial structure of workpiece material is reported.



> The chip structure is considered at the macro- and micro levels to study, depending
on the phenomenon to be investigated, because each phenomenon can be observed
at a certain magnification level and requires different preparation techniques of the
specimen.

> The structures of the chip and deformation zone are compared with those predicted
theoretically to validate the theory used in the analysis.

> A microhardness survey is performed on the structure to reconstruct the distribution
of stress and strain undergone by different regions of the chip and deformation zone
at the last stage of deformation. The results obtained are compared then with those
yielded by the theory.

Unfortunately, the present metallographical studies in metal cutting (as in, Trent,

1991) do not even mentioned these conditions. The present work aims at filling in this gap

by proposing a detailed methodology of metallographic experiments in metal cutting.
The objective of this thesis are:

1. Formulation of a new model of chip formation which is not restricted by the most
assumptions commonly made to build the single shear plane, flow region and parallel
sided shear zone models and capable of relating the cutting forces, tool-workpiece
temperature to the cutting speed, feed, tool geometry and properties of the workpiece.

2. Deriving a steady-state cutting force model.

3. Extending the steady-state cutting force model to be applicable for the deep hole
machining process.

4. Formulating a dynamic model based on the proposed steady-state cutting force model



to characterize the wave removing cutting process.

Validation of the proposed model experimentally.

To achieve this goal the following steps have been performed:

i.

ii.

iii.

iv.

vi.

Establishing of a new methodology to align the machine such that the
misalignment between the tool and the workpiece is near zero to make sure
that the measured forces are not affected by any other effects. To test this
error effect on the measured forces, the tool has been intentionally
misaligned; the misalignment values have been measured using a low-cost
laser-camera-based system and the forces have been measured using the Fast
Fourier Transformation (FFT) Analyzer for different cutting conditions.
Measurement of the steady-state cutting force components for three different
materials and different cutting conditions.

Validating the dynamic force model by measuring the forces for a wavy
workpiece for different cutting conditions.

Monitoring and analyzing the chip formation by recoding the cutting force
signature using the FFT.

Studying the morphology of the formed chip by measuring its structure and
micro hardness.

Designing a quick stop device to freeze the process of chip formation and

then observing the structure of the partially formed chip.

The outline of the chapters is as follows :

In chapter 2, the literature related to the mechanics of chip formation, chip



morphology, measuring of the cutting forces methodologies ,dynamics of the cutting process,
and deep hole machining process is reviewed. It concludes with the objectives of the
research.

Chapter 3 presents the mechanics of chip formation using a shear zone model with
parallel boundaries. This model has been developed by applying the mechanics of continua
to the analysis of the chip formation zone. It concerns with the following aspects -a) analysis
the principle of mass conservation in the shear zone in terms of plane slip-line field theory,
b) derivation of the equations for velocities and displacements in the defined shear zone and
formulation of a new velocity diagram by applying the mechanics of continue, c)
examination of the strain and strain rate distribution in the chip forming zone according to
the new velocity diagram, d) Studying the deformation process and exploring the texture of
the chip formed during orthogonal cutting and e) applying a themomechanical approach to
predict the shear stress in the shear zone. According to this model, the shear yield stress is
temperature-dependent and decreases at a certain rate with temperature increase. The
approach generalizes the effect of temperature on the shear yield stress in the shear zone.

In chapter 4 an analytical formulation of the steady-state cutting force model has been
done using the shear zone model with parallel boundaries and the thermomechanical
approach. This model was extended to be applicable to deep-hole machining.

Chapter 5 presents formulation of a dynamics cutting force model based on the
proposed steady-state cutting force model and characterization o the wave removing process.

Chapter 6 presents a methodology and specially designed setup for the machine

misalignment assurance. Also, a new calibration procedure is proposed and discussed.



Chapter 7 presents description of the materials, cutting tools, workpieces,
equipments, experimental setups, calibration and analysis procedures used in the experiments
of the cutting force and the cutting signature recording.

Chapter 8 presents the procedure of studying the chip morphology. It describe the
implementation of the quick stop device which is designed to obtain samples of partially
formed chip; then the specimens preparation stages for the metallographic and microhardness
tests are detailed. Finally, the microhardness procedure is presented.

Chapter 9 presents the major results. It is showing the effect of misalignment on the
steady axial cutting force and torque as well as on the autospectra of the dynamic axial
cutting force and torque. It proceeds with a comparison of the experimental and theoretical
results of steady-state force in deep hole machining for different cutting tool geometries,
workpiece materials and cutting regimes. The simulation results using the dynamic force
model for wave removing process are compared with the experimental results. Then, the
dynamic axial cutting force and torque signatures are presented. The chapter ends with

results of the morphology study.

Chapter 10 contains the conclusions and the recommendations for future work.



2

LITERATURE REVIEW

The references related to the mechanics of chip formation, chip morphology, cutting
forces measurement, dynarmnics of the cutting process, and deep hole machining process are
reviewed in this chapter. The reviewed literature is somewhat broad in context, but focused
primarily on five main topics :

a The models which deal with the mechanics of chip formation and study of the
deformation zones in metal cutting (primary deformation zone and secondary

deformation zoune).

10



Q The models which deal with the thermomechanical behavior of workpiece material
in cutting ,i.e. with the flow shear stress in the primary and secondary deformation
zones.

The dynamics of metal cutting.
The cutting forces measurements.

The deep hole machining process in terms of cutting forces measurements.

2.1 MECHANICS OF CHIP FORMATION

The machining of metals has been exercised since the beginning civilization, yet, the
mechanics of the process is not fully understood. Most of the development and improvement
in machining procedures, until quite recently, have come from trial and error methods and
empirical investigation. Machining operations are often considered to be the most important
process in manufacturing, and in the last 50 years, a great deal of experimental and
theoretical research has been conducted. Researchers in this field have attempted to develop
theories of the cutting process which can predict important cutting parameters without the
need for empirical formulation.

Metal cutting is often described as a complex process that involves friction, plastic
flow and fracture of material under more extreme conditions than normally found in other
production processes or in material testing. Among material deformation processes the
metal cutting chip formation is unique in many ways. Perhaps the most striking aspect of the
deformation is the very high strain rate as large shear strain is imposed in a small

deformation zone. Another characteristic of chip formation which sets it apart from other
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material processing operations is the relatively unconstrained nature of the process. The
cutting tool imposes a displacement on one face of the work material while the other surfaces
are free. The proportion of the free surface is large. The result of these circumstances is a
peculiar deformation process in which significant heating takes places and a large change in
stress state occurs over short distance.

Although a considerable amount of effort has been devoted to the analysis of the
metal cutting problem in the last hundred years, the mechanics of the chip formation process
is still far from clear. Jawahir and van Luttervelt (1993) presented an excellent and thorough
review of numerous approaches previously taken by investigators in the field. The number
of approach used so far reveals complexity of the problem of modeling chip formation.
Moreover, each author attempted to change something within the shear-model in the hope
to obtain a better agreement of theory with cutting experiments.

The art of metal cutting is ancient. The historical development and early published
works are reviewed in detail by Ernst (1951), Finnie (1956) and DeVries (1970).

In 1851, a French investigator Cocquillent was first involved into the investigation
on mechanics of cutting process. He studied various materials such as iron, brass, stone and
other materials in drilling operation to find out the work required to remove given volume
of material. Several other researchers in the cutting mechanics and chip formation in the past
were Joessel, Tresca, and Reuleaux in France, Timme, Zvorykin and Briks in Russia,
Mallock in England. Taylor in the United States- made his contribution in the area of tool
wear and tool life (Armarego and Brown, 1969; Finnie, 1956).

Most of the analytical research in metal cutting have been done since the mid forty’s.
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Merchant (1944; 1945) assumed that a continuous type of chip is formed by a shearing
process on a single plane extending from the cutting edge to the work surface ahead of the
tool. This plane was termed “shear plane” and the angle it makes with the surface generated
was called shear angle and designated by o. |

Lee and Shaffer (1951) applied the theory of plasticity for an ideally rigid-plastic
material to the continuous chip formation. Two essential aspects of their consideration are
of importance. Firstly, they considered the state of stress of the chip through which forces
exerted by the tool transmitted to the shear plane. Secondly, the shear plane was considered
as a line in a two-dimensional cut along which the tangential component of velocity is
discontinued and this is in agreement with the mathematical theory of plasticity

Eggleston et al (1959) made extensive experimental studies on orthogonal cutting
using steel, aluminum alloys and alpha-brass. They concluded that the angle between the
resultant force and the shear plane is not unique for any given material.

Kobayashi et al (1960) and Kobayashi and Thomsen (1959) experimentally predicted
that the shearing stress on the shear plane for steel and other alloys is approximately constant.
This prediction contradicts Merchant's assumption of a variable shear stress in his modified
theory.

Kececioglu (1960; 1958) studied experimentally the effects of shear size,
compressive stress and shear strain on mean shear flow stress in metal cutting. He observed
that the shear zone size generally decreases as the rake angle and the speed incréase and as
the depth of cut decreases. The compressive stress decreases as the rake angle and the depth

of cut increase and as the speed of cut decreases. The shear strain decreases as the rake
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angle, the depth of cut and the speed of cut increase. In his conclusions he pointed out that
the strain, strain rate, size of shear zone, the normal compressive stress, temperature and the
shear flow stress are functionally related.

Albrecht (1960a; 1960b) emphasized the importance of ploughing in the metal
cutting process. He established an experimental method to measure the ploughing force. His
analysis suggested that the ploughing process has an effect on chip curling and residual
stresses in the work material.

Usui and Hoshii (1963) proposed slip-line field solution. In their analysis it was
assumed that Coulomb’s law for dry sliding friction does not hold.

Kudo (1965) proposed slip-line solution for two dimensional steady state machining.
His solution is the same as the one proposed by Lee and Shaffer, except that the slip-lines
are curved to give a curling chip.

Bitans and Brown (1965) investigated the deformation of wax work pieces for
various cutting conditions. They observed a large plastic shear zone that becomes thicker
at smaller rake angles. They also found that plastic flow occurs near the rake face and the
clearance face of the tool.

Hsu (1966) studied the normal and shear stress distributions on the face of the cutting
tool. He discussed the presence of a ploughing force in the metal cutting process and
suggested that its magnitude remains constant for different depths of cut and chip-tool
contact lengths. From cutting tests he calculated the average normal stress 6,, and shear
stress 1, for different contact length ratios and found that the variation of t, and ¢, are

independent of the depth of cut.
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Thomsen (1966) studied the shear zone in metal cutting. After careful examination
of a large number of chip roots he concluded that it is difficult to determine the precise points
at which plastic deformation starts and ceases.

Goriani and Kobayashi ( 1967) studied the strain and strain rate distributions in
steady state orthogonal cutting of SAE 1113-B steel. They estimated the maximum shear
strain rate to be approximately equal to 1550 per second. A mean shear strain rate of 10° to
105 per second is estimated by Shaw (1950) and of 10* to 10° per second by Kececioglu
(1960). They concluded that the determination of shear zone thickness is critical in
estimating the average strain rate.

Spaans (1971) measured the forces acting on a tool near the cutting edge. He noted
that the existence of a built-up layer or built-up edge is an important factor concerning the
magnitude of the extra forces near the cutting edge. He also developed equations to
determine the shape of the streamlines in the deformation zone based on constant strain rate
and flow stress in the plastic zone.

Roth and Oxley (1972) proposed a slip-line field for a strain hardening material from
experimental results.

Liu and Barash (1976) studied the sub-layer of a surface generated by the chip
removal process. Their study concludes that the apparent strain energy, the maximum
residual stress and the maximum strain hardening index are approximately proportional to
the shear plane length or indirectly proportional to the cutting ratio for a given depth of cut.

Dewhurst (1978) considered a model for the machining process where the chip

emerges from the deformation zone with a significant angular velocity. One of the
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conclusions from his analysis is that the machining process is not uniquely defined for any
set of steady state machining conditions.

Yamamoto et al (1979) analyzed the stress distribution on the tool-chip contact
surface for a transient cutting process of orthogonal cutting by a photo-elastic experimental
method in which lead plates were cut with an epoxy resin tool. The following are observed:
for a positive rake (a > 0) the shear stress on the rake face remains constant for a certain
distance and drops to zero rapidly after that, while for negative rake (a < 0), the shear stress
is zero at the cutting tip of the tool and increases to a maximum along the tool, and maintains
this maximum for a certain range before it drops to zero. In both cases, the normal stress is
maximum at the cutting tip of the tool and decreases gradually toward the chip separation
point.

Wright et al (1979) proposed that at the chip tool interface in machining some of the
interface regions experience full seizure whereas others experience sliding. The proportion
of seized areas as to real area of contact A, is given by K = A/A,. The constant K which
varies from 0 to 1 depends on factors such as material purity, tool material and preparation,
cutting time, cutting speed, rake angle, lubrication and machine stability.

Doyle et al (1979) used a transparent sapphire cutting tool to study directly the
frictional interactions occurring at the chip-tool interface in continuous chip formation. They
concluded that the contact length between the chip and the cutting tool may be divided into
three regions. In the first region the relative movement is observed at the interface. In the
second region the evaporated thin films on the tool were removed suggesting chip sﬁding.

In third region the fresh chip is exposed continually to the environment which leads to
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increased adhesion and friction and is evidenced by the gross transfer of chip material to the
tool face.

Childs (1980) considered the effect of elastic contact between chip and tool which
occurs beyond the plastically stressed contact region during chip formation in metal cutting.
The main assumption in his analysis is that the shear stress is constant over the plastic
contact between chip and tool and decreases parabolically over the elastic contact. The ratio
of the shear stress to the normal stress on the rake face is constant over the elastic contact
region. It turns out, however, that the velocity on the elastic contact region is not compatible
with the holograph of the plastic zone that produces a curled chip.

Horne et al (1981) studied experimentally the built-up edge formation in aluminum,
brass and steel using transparent sapphire cutting tools. They observed that the nature of flow
around the cutting edge causes a natural stagnant point around which very high shear strains
are produced. They proposed that pure materials do not exhibit a built-up edge because they
can withstand high strains; but in alloys such high strains lead to shear failures that cause
internal separation and built-up-edge.

Wright (1981) studied the frictional interactions at the chip-tool interface in
machining lead, aluminum, copper, iron, and nickel over arange of cutting speeds and times.
He used steel, cemented carbide and transparent sapphire cutting tools; the last allowing the
interface to be observed directly. His results confirmed Doyle et al (1979) findings that there
is less transfer of work material immediately behind the cutting edge (the first region) than
at some distance from the edge (second region).

Ramalingam et al (1981) applied plane strain plasticity theory to metal cutting
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problems. By considering a plastic circular arc free boundary that connects the work material
with the chip they obtained the plasﬁc zone boundaries in closed form. This was then
compared with the experimental results of Roth and Oxley (1972). The conclusion was that
the observed deformation can not be accounted for with ideal plasticity formulation.
However, in their studies the velocity requirements were not satisfied. Besides, the
calculated plastic region is not extended towards the tool face. They only compared the
calculated shape of the plastic zone with the part of the plastic region near the free surface
that was suggested by Roth and Oxley. But, by considering velocity discontinuities in their
solution they could have matched the experimental observation satisfactorily.

Wright (1982) presented an upper round type analysis for predicting the shear plane
angle in machining, using the work material strain-hardening characteristics. In this analysis,
friction on the rake face and the high strain rates and temperatures that arise in practice are
neglected.

Wright et al (1982) studied the role of chip-tool friction on the value of the shear
plane angle in machining. The conclusion was that the friction model was not fully
predictive and he suggested that the original frictionless model (Wright, 1982) is a good
approximation and is a useful technique as it stands, especially for softer metals.

Bagchi (1983) criticized Wright’s model by pointing out that except for AISI 1113
steel the comparison between the experimental a;ld the predicted values are not close. He
suggested modifying Wright’s model by adding an empirical factor.

The following is a review for important models which tackle the mechanics of chip

formation.
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2.1.1 ShearPlane Model

The most widely used model is the one proposed by Ernst and Merchant (1941) and
Merchant (1944; 1945). In this model it is assumed that chip formation is accomplished by
the shearing of material over an inclined single imaginary plane extending from the cutting
edge to the work surface ahead of the tool. This plane was termed “shear plane” and the
angle it makes with the surface generated was designated as ¢@. This shear plane AB in
Figure 2.1 across which the work velocity v is instantaneously changed to the chip velocity
v;. This requires a discontinuity ( jump) in the tangential component of velocity across AB
equal to v, as shown by the velocity diagram in Figure 2.1.

The drawbacks of this model are, as analyzed by Zorev, (1966), the presence of a
single shear plane AB and the absence of a smooth connection between the external surface
of the cut layer of metal and the chip ( point A ), which is contrary to experimental
evidence that one plastic zone is not one shear plane. Rather, it consists of a large number
of slip surfaces over which plastic shearing takes place successively. As stated in (Okushima
and Hitomi, 1961) such cutting mechanism, based on simple shear along a single shear plane,
contains the following conflicts: a) a moving metal particle must attain an infinite
acceleration when it passes across the shear plane, changing its position from the work region
to the chip region, b) an infinite stress gradient exists on the shear plane, c) the rate of strain
is extremely large compared with that in static material tests, and d) extremely large strain
is produced abruptly on the shear plane, and the relationship between stress and strain in
cutting does not agree with that in static material tests.

Also the shear plane model was severely criticized by Oxley (1989) and Palmer and
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Oxley (1959). It was pointed out that the assumption of a sirigle shear plane and the
associated constant normal stress along this plane were dependent on another assumption,
namely, that the flow stress of the work material does not not vary during the deformation.
Merchant (1945) found that his model agreed well with experimental results obtained when
cutting synthetic plastic but agreed poorly with experimental results obtained for steel
machined with a centered carbide tool. In Ernst and Merchant’s first analysis (1944) , the
following assumptions were made (Shaw, 1984): a) the shear stress is a maximum in the
direction of the shear plane, b) the coefficient of friction is independent of the shear angle,
c) the resultant force R is independent of the shear angle, d) the tool tip is sharp and no
rubbing occurs between the tool and work piece, e) the deformation is two-dimensional, i.e.,
no side spread, f) the stress on the shear plane is uniformly distributed, g) the resultant force
R on the chip applied at the shear plane is equal, opposite and collinear to the force R’
applied to the chip at the tool-chip interface.

From these conditions a force diagram as shown in Figure 2.2 was constructed and

the following relations can be concluded :

F_ = Rcos(A-a)
F, = Rsin(A-a)
Ff = Rsin(A)
F, = Rcos()) 2.1)
0 = p+A-a
_ Rcos(p+A-a)sing
sAB th

in which, F, and F, are the forces in the cutting direction and normal to this direction
respectively , F, and F, are the frictional and normal forces at the tool-chip interface, F; is

the shear force along AB, t,,, is the shear flow stress along AB, ¢ is the undeformed chip
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chip

Figure 2.1: Shear plane model (a): the model (b) the velocity diagram (Ernst

and Merchant, 1941; Merchant, 1944 ; Merchant, 1945).
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thickness, b is the width of cut measured along the cutting edge, a is the rake angle, @ is the
shear angle, 0 is the angle made by resultant R with AB and A is the mean angle of friction
used to describe the frictional condition at the tool-chip interface. From the Equations (2.1)
the cutting forces may be determined, provided the shear stress z,,, , friction angle A and the
shear angle @ are known. Merchant considered that 7,,, would have the yield shear strength
for the work material and that A would have the usual value for dry sliding friction.

Emst and Merchant (1941) proposed that the shear plane would take such a position
that the shear stress ,,; would be a maximum. They expressed the shear stress in terms of
the tool rake angle a, the friction angle between chip and tool rake face A and shear angle ¢
and differentiated z,,; in equation (2.1) with respect to shear angle ¢ and equating the

resulting expression to zero. This led to the result

= 45-—+—
? 22 2.2)

Merchant (1945) presented a different derivation that led to equation (2.2) such that
the total power consumed P in the cutting process would be minimum . An expression for

the total power P consumed in the chip formation can be written as

cos(A-a)

sinpcos(p+A—a)

P =Fv =1,,tbv .3)

An expression identical to equation (2.2) can be obtained when P is differentiated with
respect to @ considering A and t,,; to be independent of @.
Upon finding equation (2.2) to be in poor agreement with experimental data,

Merchant (1945) presented a different approach, and a different set of assumptions were
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Figure 2.2: Forces associated with the shear plane model (Ernst and

Merchant, 1941; Merchant, 1944 ; Merchant, 1945).
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made:- a) the angle ¢ is such that the total power is a minimum, b) the friction angle A is
independent of the shear angle @, c) the shear stress t,,; on the shear plane is independent of
the shear angle @, and d) the yield shear stress t_,; of the metal is increased linearly by the
presence of a normal compressive stress ¢ on the shear plane according to the following
equation
T = T,tKG 4
where X is the slope of t,,; vs. 6 diagram which can be experimentally determined for each
particular material. There is no clear physical reason why item (a) should be true. Many
examples may be found in nature in which non conservative processes, such as that of metal
cutting, clearly occur in such a manner that the energy consumed is not a minimurm.
However, according to the formentioned assumptions, and from Figure 2.2, it can be seen
that
G = T,ptan(e+A-a) 2.5)
Substituting equation (2.5) into equation (2.4), we have

T
= 2 2.
1-Ktan(p+2-a) 2.6)

Tan

When this is substituted into equation (2.3) the following equation can be obtained

t,tbvcos(A-a)

P = [ Krante+h-a)isinecos (o A-0)] @7

When P is differentiated with respect to ¢ and equating the resulting expression to

zero with t, and A considered independent of @, the following equation can be obtained
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cot™'K
2

A a
-2‘*' > 2.8)

Merchant called the quantity cot K the machining constant C. Allowing C to be an adjustable
parameter which varies from one material to another, the above expression would yield a
good approximation of the @ values to the experimental observations. But the magnitude of

C is impossible to be real in some cases (Oxley, 1989).

2.1.2 Slip-line Field Theory

The theory of Lee and Shaffer (1951) was the result of an attempt to apply the
plasticity theory to the problem of orthogonal metal cutting. In dealing with problems using
the plasticity theory, it is necessary to make certain assumptions regarding the behavior of
the work material under stress as follows:
1. The material is rigid plastic, which means that the elastic strain is negligible during

deformation and that once the yield point is exceeded, deformation takes place at

constant stress.

2. The behavior of the material is independent of the rate of deformation.

3. The effect of temperature increase during deformation is neglected.

4. The inertia effect resulting from acceleration of the material during deformation is
neglected.

These assumptions have led to useful solutions of many problems in plasticity.
In the solution of a problem in plasticity, the construction of a slip line field is

necessary; this field consists of two orthogonal families of lines (called slip lines), indicating,
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at each point in the plastic zone, the two orthogonal directions of maximum shear stress. The
slip-line field proposed by Lee and Shaffer for the orthogonal cutting of a continuous chip
is shown in Figure 2.3. It can be seen that Lee and Shaffer have employed the idealized
shear-plane model of cutting, where all the deformation takes place in a plane extending from
the tool cutting edge to the point of intersection of the free surfaces of the work and chip.
This transmission of forces results in the triangular plastic zone ABC, where no deformation
occurs but the material is stressed to its yield point. Thus, the maximum shear stress
throughout this zone is t,, the shear stress on the shear plane, and the two directions of this
maximum shear stress are indicated by the two orthogonal sets of straight lines (slip lines).

If the boundaries of this triangular zone are considered, it is clear that the shear plane
AB must give the direction of one set of slip lines since the maximum shear stress must occur
along the shear plane. Also, since no forces act on the chip after it has passed through the
boundary AC, no stresses can be transmitted across this boundary. Thus, AC can be regarded
as a free surface, and since the directions of maximum shear stress always meet a free surface
at /4, the angle CAB is equal to /4. Finally, assuming that the stresses acting at the
chip-tool interface are uniform, the principal stresses at the boundary BC will meet this
boundary at angles A and (A +1/2) (where A is given by tan™'( F/F,) and is the mean chip-tool
friction angle).

From Figure 2.3, it can be written

T T
fA—~—-q = —
? ' ) 2.9)

that is
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T
Q = Z+a-l (2.10)

Lee and Shaffer (1951) realized that equation (2.10) does not hold for all possible
values of A and o, namely for high tool friction and small or negative rake angles. They
postulated that under such conditions, a build-up of material occurred at the nose of the tool.
However, to support this point a second solution was presented for the new geometry where
a built-up edge is present on the tool face.

The theories outlined above were compared with the results of independently
conducted experiments ( Pugh, 1958). It can be seen that neither of these theories approach

is in agreement with any of the experimental relationships for the various materials tested.

2.1.3 Thick-Zone Models

To eliminate the conflicts in the conventional cutting theory based upon the shear
process along single plane many models were proposed by Okushima and Hitomi (1961),
Kececioglu (1958; 1960), Stevenson and Oxley (1970), Fenton and Oxley (1970) and others.
These models can be classified into two types the flow region model and the parallel-sided
model. In these models the single shear plane model is open up to get ride of the conflicts in

the shear plane model.
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tool

Figure 2.3: Lee and Shaffer’s slip-line field for orthogonal cutting (Lee and

Shaffer, 1951).
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2.1.3.1 Flow region models

Okushima and Hitomi (1961) suggested the scheme shown in Figure 2.4. They
suggested that there is a fairly large transitional zone AOB for plastic deformation of metal
be taken into consideration between the rigid of work piece and the plastic region of
steady chip. In this model the material was assumed to be ideally plastic and the shear

stresses on OA, OB and OD were considered equal to the yield shear strength t,. Thus,

Yoa %o = %Gop T T 2.11)

From Figure 2.4, it can be concluded that

_ Rsin@, cos (@, -a+A)

1'..\'OA th ’ (2.12)
Rcos(@,—-a)cos(p,-a+))
ToB = 2 bt 2 (2.13)
1
and
_ RsinA
Tsop = bl 2.149)
T

where [, is the tool-chip contact length. From Equations (2.12), (2.13), and (2.14), the angle
¢, and @, can be expressed by

M
> 2.15)

L
(PI - '2'

iR

and
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Figure 2.4: Deformation model assumed by Okushima and Hitomi (1966).
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L a
= e s
P2 5 2 2 (2.16)
where
_ .2t -
M, = sin [Ts1nl+sm(l-a)] 2.17)
'
-1 tl .
n, = cos —-l—-sml—cosk (2.18)
f
The thickness of the deformation zone can be represented by @, so that
a T|1 le
= - R L .
? = 9,70, 2 3 2 2.19)

Experiments on a lead work piece showed that ¢ was always positive, suggesting that
the analysis yielded sound results. It was also declared that the shear strain was much lower
than that in the shear plane model, a result which led Okushima and Hitomi to conclude that
their model was more reasonable. However, this model is criticized by Kobayashi and
Thomsen in the discussion of their work because it is not possible to construct a slip-line
field satisfying equilibrium and continuity for the constructed sector where each of the radial
lines is at the same time one of the maximum shear direction. Also point ” O in this model,
causes the same conflicts as in the shear plane model. This model also neglected effect of

the temperature produced during the cutting process.
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2.1.3.2 Parallel-sided shear zone model
To get ride of the discontinuity in the velocity and to account for the effect of the

strain-hardening properties on the hydrostatic stress distribution in the chip formation zone
the parallel-sided shear zone model has been introduced by Oxley and his co-workers
(Stevenson and Oxley, 1970; Fenton and Oxley, 1970) as shown in Figure (2.5). In this
model (parallel-sided shear zone model) , the shear plane AB of the shear plane model
shown in Figure. 2.1 is just open up so that the boundary CD between the shear zone and
work piece and the boundary EF between the shear zone and chip are parallel to and
equidistant from AB. It is easy to realize that the there is no difference between shear plane
model and parallel-sided shear zone model except that shear plane AB in shear plane model
is open up to become of a finite thickness instead of zero thickness as in the shear plane
model.

The following assumptions were made to construct the parallel-sided shear zone model:-

1. Plane strain deformation. This means that there is no side flow.

2. Steady state conditions.

3. Perfectly sharp tool edge.

4. The shear plane AB in this model is assumed to open up so that the work velocity v
is assumed to change to the chip velocity v,. in the shear zone along smooth
geometrically identical streamlines with no discontinuities in velocity.

5. The overall geometry of the shear zone in parallel-sided model is assumed to be the
same geometry in the shear plane model with AB and ¢ in this model geometrically

equivalent to the shear plane and shear angle.
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10.

11.

12.

13.

14.

15.

16.

The force polygon of the shear plane model remains the same in the parallel-sided
shear zone model.

The overall change in velocity in the parallel-sided model is assumed to be the same
velocity diagram as in the shear plane model.

The shear strain-rate is assumed to be constant through the shear zone.

The effect of temperature is neglected.

The shear stress T, is assumed to be constant along AB.

According to the slipline field theory the variation in hydrostatic (mean compressive)
stress along AB is linear with 6,>0; .

This model assumes that AB would bend to meet the free surface at the required angle
7/4 in the region where it still could be taken as parallel to the cutting direction and
assuming that the angle that has to be turned through to meet this condition (/4 - @)
occurs within negligible distance.

Linear stress-strain relation is assumed such that At, = m vz where m is the slope
of the stress-strain curve.

Half of the resulted shear strain is assumed to occur at AB.

The ratio of the shear zone length to its thickness (I, /As, ) is found experimentally
to have a value between 6 and 15 and with an average a value of 10.5.

In the parallel-side shear zcne model A is considered the mean friction angle as the
tool-chip interface parameter in the same way as for the shear plane model solutions,

i.e. A would have the usual value as for dry sliding friction.
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Figure 2.5: Parallel-sided shear zone model (Oxley and Welsh, 1963).
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The parallel-sided shear zone theory assumes constant velocity in the shear zone; this

means that the shear strain rate is constant throughout the shear zone . This strain-rate can

be given as :

7 == (2.20)

where, v, is the shear velocity which is equal in magnitude to the velocity discontinuity of
the shear plane model, and As, is the thickness of the shear zone. Early experimental work
at low cutting speed revealed that the ratio of length to the mean thickness of the shear zone
(Il/As;) had a value between 6 and 15 for a range of work materials and cutting speed, but
for high cutting speed there are no information about that ration (Oxley, 1989). According
to the assumptions (9), and (10), the stress equilibrium equations referred to slip-lines

becomes :-

do = —= ds, (221)

where s, and s, are distances measured along the slip-lines.

For the assumed model (dr/ds,) can be replaced by the finite difference (At/ As,) as

follow
d‘r, At TerTcn
ds, As,  As, 2-22)

Gy - Oy = 2 1 223)



in which, o is the hydrostatic stress, o, and o ; are the hydrostatic stresses at A and B, [, is
the length of AB and 7., and 7,4, are the shear stresses along EF and CD. Therefore, the

normal force F,,, acting on AB can be calculated as :-

F,=4"%,

—1b

where b is the uncut chip width. The shear force on AB can be obtained from the following

equation:

F,o=1,,15b (2.25)

If the angle made by the resultant force R with AB is 8 as shown in Fig. (2.6) , and by

using equation (2.23) then
tan6 = Fos - 0a"% _ % | Az, L (2.26)
F, 2typ  Tuz  2Tus Sy )

According to the assumption (12), the following equation can be written

Oy T
— =1+2(=- 7))
< (4 ?) 2.2

Substituting for o, into equation (2.26), it can be concluded that

and = 1+ 2% - g) - 2% ks
s ® 2t As, (2.28)

0 can be expressed in term of the shear angle ¢ , the mean friction angle A, and the rake angle

a by
0 = p+A-a 2.29)
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Oxley and Welsh (1963) related the change in the yield shear stress At, in the
parallel-sided shear zone by assuming a linear stress-strain relation (assumption (13))

At, = myg (2.30)
where m is the slope of the stress-strain curve and y is the shear strain along EF. ygcan be
found by multiplying the time taken for a particle of material to pass through the shear zone
by the strain-rate in the shear zone (equation (2.20)), that is

=A.s'2 v,

Ter v, As,

n

(2.31)

where v, is the velocity normal to AB. However, some useful relationships between velocities

can be obtained from the velocity diagram in Figure 2.5, namely

vsing
cos(p-a)
VCosQ (2.32)

cos(@-a)
v_ = vsing

Vv, =

v:

Substituting for v, and v, from Equations (2.32) into equation (2.31) yields

: cosa 2.33)
sinp cos(p-a)

Yer =
Using the assumption (14), that half of this strain will have occurred at AB then
1
Tup = Tty MVer 234)

where 1, is the yield shear strength of the work piece. Substituting Equations (2.29), (2.30),

(2.33) and (2.34) into (2.28), the following equation has been obtained:
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tan(p+i-a) = 1+2| T-o] - mcosa t
N ) 2(4 <p) [ZfoSinP‘POS((P"a)*'mcosa singAs, 235)

Now, for given values of a, A, and ¢, it is possible to determine ¢ from equation (2.35)
by trail and error if a appropriate values of 7,, m and the thickness of the shear zone As, are
known. the shear angle ¢ can be used together with the corresponding values of 1,,, to
calculate the cutting forces from equation (2.1).

This model as shown has been constructed using 16 assumptions, some of them are
questionable such as the assumption that half of the resulted shear strain occurred at AB, the

neglecting of the temperature, and assumption of constant shear strain-rate.

2.2 THERMOMECHANICAL BEHAVIOR OF WORKPIECE MATERIAL IN
CUTTING

The goal of metal cutting research is to develop methods of predicting the quality and
cost of a machined work piece without physically machining it. If this can be done reliably,
awider variety of potential process conditions can be evaluated easier than currently possible
through trail-and-error experimentation, leading to more efficient process and tooling design
(Lee and Kapoor, 1986; Steed, 1987). A basic requirements for achieving this goal is a
reliable method for predicting cutting forces for arbitrary process conditions. Almost all
quantities which affect the quality and cost of the machined work piece such as, tolerance,
tool life, and power consumption , depend on cutting forces either directly or indirectly.
Since the flow shear stress 1, is the main parameter affecting the energy requirement and

the cutting forces in the machining, the estimation of this stress and its change during plastic
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deformation remains one of the principal goals in the theory of chip formation. Investigators
in the metal cutting field have attempted to develop an analytical means for the cutting
process which gives a clear understanding of the mechanism involved and enables a
prediction of the cutting forces without a need for exhaustive empirical testing. In this
review the flow shear stress t, that occurs at the shear zone in metal cutting is considered.

The well known Merchant’s force model (Figure 2.2) is the only model accepted in
practically all known publications on metal cutting (Merchant, 1945; Zorev, 1966; Shaw,
1984: Oxley, 1989). The core of the model includes determination of the shear force
component F, of the resultant cutting force as follows:

th
sin @

(2.36)

Fg = 1,y

where 7, is the shear flow stress along the shear plane AB; ¢ is the uncut chip thickness; b
is the width of cut; @ is the shear angle.

Although many studies on metal cutting have been attempted to derive theoretically
or obtain experimentally the flow shear stress, this is still one of the most controversial issues
in the field. There are several principal questions concerning the flow shear stress of
workpiece material in cutting: Could the stress-strain relations obtained in the standard
tensile (compressive) test be used in metal cutting? Would the stress in the deformation zone
stop growing or even start decreasing (an idealistic idea which stands behind so called high-
speed machining (King, 1985)) in case of large strains such as those in metal cutting? Is the
flow shear stress affected by high strain rates (/0 - 10 higher than in the standard tensile

test) and high temperatures occurring in cutting? Practically all serious studies done on
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metal cutting contain the direct or indirect answers to these questions.

The approaches that tackle the characteristics of the flow shear stress in the shear
zone can be classified into three categories :

1. Those approaches that consider the flow shear stress in the shear zone equal to the
yield shear strength of the work piece. Some of these approaches consider the effects
of the shear strain rate and the temperature on the flow shear stress but these effects
are considered to be canceling each other.

2. Those approaches that consider the effects of strain hardening only, or the effect of
strain hardening and shear strain rate on the flow shear stress together.

3. Those approaches that consider the effects of strain hardening, shear strain rate, and
the effect of temperature on the flow shear stress.

The first effort in this direction was by Ernst and Merchant (1941) who offered an
analysis for the cutting force based on the shear plane model. They assumed that the flow
shear stress 1, on the shear plane is constant and equals to the yield shear strength 1, .

Merchant (1945) found that this theory agreed well with experimental results
obtained when cutting synthetic plastics but poorly with experimental results obtained for
stee]l machined with a centered carbide tool. By reconsidering the assumptions on which that
theory has been established, Merchant (1945) derived the following equation:

T
= 2 2.3
48 = 1 Ktan (@+r-a) 237

which resulted from the equation:

T, = T, Ko (2.38)
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indicating that the flow shear stress 7, on the shear plane increase linearly with the increase
in the normal stress, o, on the shear plane; where KX is the slope of t, vs. o diagram
experimentally determined for each particular material, @ is the shear angle, a is the rake
angle, and A is the mean friction angle. This equation agreed with the work of Bridgman
(1937; 1943), where , in experiments on polycrystal line, the flow shear stress t, was shown
to be dependent on the normal stress ¢ on the shear plane .

Shaw and Finnie (1955) suggested that the small size of the deformation region may
influence the flow shear stress value. This follows from the theory of size effect for single
crystals which is based on the concept that at small sizes the probability of finding
dislocation sources is reduced and hence the flow shear stress of a work piece rises.

Kececioglu (1960; 1958) studied the effects of the shear size, compressive stress, and
shear strain in metal cutting on the flow shear stress and he introduced the following
expression for the flow shear stress in the shear zone

E
T, = Tt () *Fo+Gy (2.39)
2

where 7, is the yield shear strength of the work piece, o the compressive stress acting on the
shear plane, y the shear strain undergone by the chip during its formation, As, the thickness
of the shear zone E, F, and G are material constants.

Okushima and Hitomi (1961) developed the flow region concept. The flow region
AOB s a transitional deformation zone which exists between the rigid region of the work and
the plastic region of steady chip as shown in Figure 2.4 in which the stress must be at the

yield level. Hence, according to Okushima, and Hitomi model the flow shear stress t, (t,4,
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T,08) ON both boundary lines equals the yield shear strength (t, ) of the work piece material.

To explain the increase in the flow shear stress , in the primary shear deformation
zone during machining , it has been suggested by a number of researchers that strain
hardening plays an important role in determining the flow shear stress <, in metal cutting
(Shaw and Finnie, 1955; Oxley, 1961) and Oxley (1989) suggested the following relation

for the flow shear stress T, on the shear plane AB shown in Figure 2.5

1
Tag =T, +§m7f (2.40)

where t, is the yield shear strength of the work piece, m the slope of the plastic stress-strain
curve at the corresponding mean shear strain rate in the primary shear deformation zone,
which can be experimentally determined for each particular material, and ¥ is the final strain

along the end of the deformation zone EF shown in Figure 2.5 which can be expressed as

y, = cosa 2.41)
f sinpcos(p-a) @-

Von Turkovich (1970), obtained the behavior of the flow shear stress 1, by
considering the process of plastic deformation from the viewpoint of dislocation theory. The
theory was developed for high strain rate processes and very large strains.

Klamecki and Kim (1988) developed a model for the flow shear stress , in the
primary shear deformation zone that take into account the effect of temperature T and strain
associated with the chip formation y , and the flow shear stress prior to the plastic

deformation t,, which can expressed as :-
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T, = T,+ay"-bT" (242)
where a, b, m, and n are coefficients to be obtained through experiments. However, no
specific solution was given foryielding work material stress/strain behavior shown by the
previous equation, and in reaching a solution, that equation requires four additional
experimentally obtained coefficients : a, b, m, and n, which need to be determined through
lengthy, expensive and very often inaccurate experimental procedure.

Klamecki and Kim (1988) studied the effects of the stress state transition from plane
stress at the work piece surface to plane strain in the central region of the chip formation
zone. In their model they expressed the flow shear stress , in terms of the yield shear stress

T, of the work material, strain y and temperature T using the following expression:

T, = T,+*KY'-AT (2.43)

The strains and temperatures used in this expression are the local values calculated
in the finite element simulation. Changes in the material behavior are specified by constants
K, n, and A.

To apply these approaches it is necessary to do many experiments in order to
determine the involved constants. Some of these experiments are lengthy, expensive and
often inaccurate. This means that there is a need to develop approach enabling us to predict
the flow shear stress in the shear zone without doing additional experiments, or with fewer

number of experiments.
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2.3 DYNAMICS OF THE CUTTING PROCESS

A metal cutting system essentially comprises the cutting process and the tool layout.
The cutting process involves the removal of metal in form of chips from the workpiece by
the action of the cutting tool which is coupled to the machine structure through different
elastic elements. Thus, the tool traces a uniform path relative to the workpiece. Normally,
any small vibration caused by occasional disturbances, such as inhomogeneity of the work
material, the runout and misalignment of the workpiece, would be damped out by the
structure of the cutting system. Sometimes, however, the disturbances are maintained and the
system becomes unstable and the relative periodic displacement between the tool and the
workpiece may build up to a large amplitude. This relative periodic motion between the
cutting tool and the workpiece is known as chatter (Armarego, 1969).

Chatter imposes an undesirable limit on machine tool performance because it can
imped the maintaining of the work surface finish and also it has adverse effect on part
dimensional accuracy and the cutting tool life.

Machine tool dynamics against chatter vibration is a challenging subject of metal
cutting research not only because of the level of physical complexity involved but also
because of its role as the limiting factor in machining productivity. A large number of
investigation in machining chatter have been undertaken in the last forty years in order to
predict the dynamic behavior of the cutting process. Even though significant progress in
approaching this goal has been made, the basic problem of establishing a universal force
relationship with respect to the dynamic variables in metal cutting apparently has not been

solved.



Studying the wave-removing process which comprises moving the cutting tool in a
straight line while the surface to be cut oscillates has a big advantages in knowing the
mechanism of the chatter.

Kobayashi and Shabaik (1964), using a photographic technique, which gave a direct
observation of the shear angle variation, confirmed that the shear angle changes with the
slope relative to the top surface of the uncut chip thickness.

Kobayshi and Kawata (1967) studied the effect of curvature of work surface on metal
cutting and concluded that when the work surface has a curvature, the cutting characteristics
differ from that in a planning operation. It was concluded that the effects of curvature must
be taken into account when a work piece with a diameter less than 50 mm is machined. In
the analysis of metal cutting process, a commonly assumed model is one in which the tool
makes a linear motion. However, there are many processes such as turning, boring and
drilling, in which the tool or the work makes a circular motion. In these cases the work
surface has a certain curvature. When the curvature is convex, the process may be called an
external cutting whereas it may be called an internal cutting in a concave case.

When the free surface of the uncut chip has a sinusoidal shape, it loses its harmonic
character after passing through the shear zone. This led Albrecht (1962) to conclude that the
accompanying shear angle variation must be essentially of the saw-tooth type. However, Das
(1965) showed that a distorted cut chip profile in no way proves the presence of a shear angle
variation. Even with a constant shear angle, a symmetrical uncut chip profile becomes
unsymmetrical after passing through the Shear zone.

Das and Tobias (1967) developed a mathematical model which shows the connection
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between the static and dynamic cutting coefficients. Three cases of dynamic cutting are
considered: wave cutting, wave removing and wave-on-wave cutting. This model is based
on the assumption that under dynamic conditions the orientation of the shear plane remains
unaffected by a variation of chip thickness, provided this fluctuates relatively fast.

Rubenstein (1972) analyzed the influence of tool oscillation during a planning
operation. A fundamental assumption made at the outset is that only those phenomena
which have been observed to occur in steady-state cutting occur in dynamic cutting. The
influence of tool motion is shown to be compounded of two parts, namely, tool motion alters
the geometry of the cutting process and affects the magnitude of some of the cutting stresses
by altering the strain and the strain rate to which material passing below the tool is subject.
The resulting equations for the force components along and normal to the steady-state cutting
direction are non-linear, and are expressed in terms of the stress-strain and stress-strain rate
equations of the work piece material.

Nigm and Sadek (1977a) investigated experimentally the dynamic response of the
shear plane and the variation of the dynamic cutting coefficients at various values of feed,
cutting speed, rake angle, clearance angle, frequency, and amplitude of chip thickness
modulation. This investigation showed that the shear plane responds to the dynamic
variations in the cutting conditions and that its angular oscillation is not in phase with the
chip thickness modulation. Moreover, the dynamic cutting coefficients are not in phase with
the chip thickness modulation. In both wave generation and wave removal, the magnitude
and phase of the dynamic cutting coefficients and shear plane oscillation are found to be

function of the cutting conditions. However, the clearance angle has no effect on these
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parameters. In reference to the dynamic cutting coefficients it has been concluded that while
the tangential coefficient is not affected by the amplitude of chip thickness modulation, the
thrust coefficient is slightly affected. The experimental results of this investigation showed
also that there is no difference between the DC components of the shear angle and the
cutting forces obtained under steady-state cutting.

Nigm et al (1977a) presented a dimensional analysis of the orthogonal steady state
metal cutting process. This yielded explicit mathematical expressions for the chip thickness
ratio, the force ratio and the termination of the built-up edge in terms of the rake angle, the
feed and the cutting speed. The functions derived were found to be independent of the
cutting conditions, for a particular combination of work and tool materials, characterized by
a set of coefficients. The validity was tested experimentally and by reference to observed
results obtained by previous investigators and a good correlation was observed in all case.
The expressions derived, with the experimentally determined machining stress, permit the
predication of the cutting forces over a wide range of cutting conditions from a limited
number of machining tests.

Nigm et al (1977b) presented a mathematical model for determination of the
dynamic cutting coefficients from steady state data. In other word, the physical relationships
estblished in steady-state cutting can be applied to dynamic cutting as well, if the amplitude
of vibration is relatively small. This theory is based on a non-dimensional analysis of the
steady state orthogonal cutting process. It takes into consideration the oscillations of the
shear plane response to dynamic variations of the cutting parameters. The model was

verified, directly with dynamic cutting tests for the wave cutting and the wave removal, in
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which the variations or the shear plane and those of the cutting force coefficients were
measured. Indirect verification was achieved by reference to the work of previous
investigators concerned with dynamic cutting and the stability of the cutting process.

Wu and Liu (1985a; 1985b) developed a mathematical model of machining chatter
through an analytical approach in order to predict dynamic cutting force from steady-state
cutting tests. The model is derived from a pseudo-static geometric configuration of the
cutting process by taking into account the fact that the mean friction coefficient fluctuates
dynamically responding to variation of the relative speed on the chip tool interface. The force
functions through this derivation can be used to explain all three basic mechanics associated
with chatter vibration of all the three cases namely, velocity dependent, regenerative, and
mode coupling effects.

Ahn et al (1985) presented a new approach to the identification of the cutting process
dynamics in the form of a transfer function derived from the finite difference equation model.

Wu (1986) presented a new method of modeling the angular oscillation in dynamic
orthogonal cutting. The system governing equations were derived based on the
work-hardening slip-line field theory in cutting mechanics by taking into account the
changes of stress conditions on both the shear plane and the tool-chip interface.

Fujii et al (1986a) investigated the whirling vibration of the drill in the beginning of
the drilling operation experimentally. Special attention is paid to how vibration develops as
the drill proceeds into the work piece. Three types of drills with different web thicknesses
were used, and the characteristics and cause of the vibration were discussed. Whirling

vibration, which has an elliptical orbit, is a self-exited vibration accompanied by a phase lag

48



with respect to the revolution of the work piece. The vibration energy is provided by the
regenerative effect at the major cutting edge, while the chisel edge acts to dampen the
vibration.

Fujii etal (1986b) examined the influence of widely varied point angles, relief angles,
and helix angles on whirling vibration of drill point geometry at the major cutting edge. The
influence of the flank surface configuration of the major cutting edge was studied in
particular. Based on the obtained results, an attempt was made to obtain useful parameters
by which the initiation boundary of whirling could be predicted.

Marui et al (1988a) observed the primary and the regenerative chatter vibrations
occurring in a spindle-workpiece system, and clarified the effects of the vibratory
characteristics of the system and cutting conditions on the chatter vibration.

Marui et al (1988b) measured the effect of the dynamic variations of cutting depth,
cutting velocity, and rake angle on the cutting force acting in the dynamic state of a lathe
spindle-workpiece system by unique experiments. The phase lag between the dynamic
cutting force and vibration displacement is clarified under various cutting conditions. The
dynamic cutting force is measured when the cutting velocity and the rake angle were
dynamically changed, and the results were represented as the cutting velocity coefficients and
the rake angle coefficients. Based on these results, the energy supplied by the dynamic
cutting force was obtained and the mechanism by which the chatter vibration occurred was
discussed.

Marui et al (1988c) treated chatter vibration occurring in the spindle-workpiece

system of a lathe theoretically, considering the phase lag of cutting force and chatter marks.
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As a result, it was clarified that the chatter vibration is mainly induced by the phase lag of
cutting force (primary chatter) and by the phase lag of chatter marks in successive cutting
(regenerative chatter). The dynamic variations of the cutting velocity and rake angle made
the spindle-workpiece system more unstable under vibration. The effect of cutting velocity
variation was more remarkable than that of rake angle in both types of chatter. Chatter
vibration could effectively be suppressed by increasing the damping capacity of the system.

Wu (1989; 1988) introduced a new concept to develop acomprehensive cutting force
model for analyzing the dynamic behavior of the machining process. The model was derived
based on the principles of the cutting mechanics, and it takes into account the fluctuation of
the mean coefficient of frictional on the tool-chip interface as well as the variations of the
normal hydrostatic pressure distribution and the shear flow stress along the primary plastic
deformation zone. The model has been tested through computer simulation for orthogonal

wave-removing processes by reference to an existing experimental evidence.

2.4 MEASUREMENT OF CUTTING FORCES

To place the analysis of the metal cutting process on a qualitative and quantitative
basis, certain investigation must be made before, during, and after the cutting (Shaw, 1984).
The number of observations that can be attained during the cutting process is rather limited.
One among of those is the determination of the cutting forces.

An understanding of the forces in machining process is necessary since they are
related to such things as tool wear, vibrations, accuracy, power consumption, process

planning, and computer aided manufacture. Since force magnitudes can be determined by
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variety of techniques, it is important to know the methodology of measurement to ensure the
correct results. This is extremely important when certain aspects of a new model have to be
examined knowing that results are used to judge the theory. Therefore, it would be logical
_ to expect methodological research work on the cutting force measurement in order to
introduce and establish a certain kind of standard for such measurements to ensure their
repeatability and reliability..

In the cutting force measurement practice, it has been long recognized that although
each dynamometer must be specially designed to meet specific requirements, certain design
criteria are general and well discussed by Zorev (1966) and Shaw (1984). Unfortunately, the
resent books on metal cutting ignore this significant aspect though they present the results
of studies including cutting forces (Oxley, 1989; Trent, 1991; Stephenson and Agapiou,
1997). To support this point, a number of examples were reported:

Zhang and Kapoor (1987) used a strain gages on the boring bar to detect the cutting
force signals through a Weston bridge amplifier. Nothing is mentioned how they did this.

Thangaraj and Wright (1988) used a Kistler piezoelectric platform dynamometer to
measure the downward thrust force exerted by the drill. They did not mention about the
measurement calibration procedure.

Lee et al (1989) measured cutting forces with a Kistler piezo-electric dynamometer
type 9263A. The force signals were recorded on a chart-recorder for the static component
stored on a multi-channel magnetic recorder for the analysis of the dynamic component. The
tape-recorded signals were subsequently run on the spectrum analyzer using the Fast Fourier

Transform function to obtain frequency spectrum.
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Strenkowski and Moon (1990) measured the cutting forces using three axis
dynamometer. Nothing is reported about the type of the used load washer and the calibration
procedure.

Elbestawi et al (1991) used table dynamometer to measure the two in-plane
components of the cutting force by means of four piezo-electric charge transducers, two of
each of the x- and y-directions. The forces acting on the dynamometer were collected
synchronously and averaged in the time domain. Approximately 20 s of actual machining
runs were recorded in each test.

Lin et al (1992) measured the cutting forces using a dynamometer. They have not
indicated what the type of the used dynamometer and how it was calibrated.

Song (1995) used a Kistler piezoelectric dynamometer to measure the axial and
tangential cutting forces. In his work he discussed the accuracy, the reliability of the
measured parameters though he has not mentioned any kind of calibration.

Stevenson and Stephenson (1995) adapted a piezo-electric three-axis dynamometer
to measure the forces and the force signals were recorded on a data tape recorder and
displayed on a digital oscilloscope. All data reported were in time domain.

As it is seen from above examples, no researcher even mentioned the calibration of
the set-up for the force measurement, no one considered possible errors in the recording of
force signals caused by the cut-off frequency of the recorder, no one reported the sampling
rate, cut-off frequency,..etc.

Strain-gage-based transducers have never been entirely successful in metal cutting

dynamometry. One reason is the high rigidity of the tool system which does not allow for
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enough strain to be induced for the measurements. Also, the difficult conditions around the
cutting edge can not accommodate the application of strain gages in the close vicinity. This
necessitate the use of complex measuring setups, as an integral part of the machine, with
intermediate elements whose dynamic contribution is difficult to compensate for.

A new era in the cutting force dynamometry started when piezo-electric transducers
became available. However, a high sensitivity of such transducers was unusual for metal
cutting researchers. Instead of one simple signal (recording) from a dynamometer which
could be easily analyzed using a static calibration curve, they started getting an assemble of
signals reflecting even small dynamic unevenness of the machine, fixtures, cutting tool,
auxiliary components together with the environmental noise. To process signals from these
dynamometers, researchers had to use new experimental methodologies, never used before

re it <ST A
in metal cutting experiments, like, for example, Fast Fourie fAnﬁnyf(FFl‘) Moreover,
they had to control the theory behind the new instruments, since machine tools in general are
far from being the simple linear systems.

Another thing that has never been really recognized is that machine tools as dynamic
systems exist only during machining. The reason for this would be that only after the cutting
forces have been applied to take up many clearances in the assembly, thus introducing
friction etc., as well as the questionable support at the cutting tool, the dynamic system has
been established. This calls for costly real-time measurements with extensive use of
triggering facilities. Unfortunately, not rarely both the static and the dynamic calibration
were performed on a stationary machine tool without cutting. Numerous reported work

suffered from the same mistake of calibrating one system while using a completely different
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one, in terms of dynamics, when testing. This practice is still common today (Adolfsson and
Stahl, 1995; El-Wardany et al, 1996)

To represent signals in the frequency domain, new functions have been introduced,
among them most common being power spectral density function (Bendat and Piersol,1980;
Bendat and Piersol,1971). This function describes the general frequency composition of the
acquired signal in terms of spectral density of its mean square value.

However, the power spectral density function has become the most abused statistical
function in the dynamics of metal cutting. The trouble comes from the misunderstanding of
the word “power” that has been kept here only for historical reasons. In the theory of
stochastic processes, this word means that the function standing under integral is squared so
that the power spectral density function shows the rate of change of mean square value with
frequency. In metal cutting dynamics, particularly in the cutting force measurement, this
word was thought of as reflecting the mechanical power. As a result, the power spectral
density function was assigned dimensions as g /Hz, or even W/Hz, instead of N2 /Hz and
(Nm)? /Hz when measuring forces and torques (Osman and Sankar, 1972; Sankar and
Osman, 1975; Chandrachekhar, Osman, and Sankar, 1985; Frazao et al, 1986). Moreover,
the number of Hz to scale the axes was never related to the instrument setup. Such a wrong
resulted in a conclusion that the cutting process is fully stochastic in nature. Obviously, this
conclusion is in contradiction with the whole metal cutting practice which desperately needs
a appropriate dynamic force measurements to improve the quality and efficiency of

machining.
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2.5 DEEP HOLE MACHINING PROCESS

Since the deep hole machining process has been selected to perform the required
experiments as a typical orthogonal cutting, it is necessary to give a description of this
process. Deep hole machining is known to be one of the most complex of all hole making
operations, wherein the individual drilling processes are classified by the types of tools they
use. The choice of a specific drilling process for any particular application, starts with the
requirements of the hole-diameter, depth, macro- and micro errors of geometry and must
include not only the production volume, but also the specific types of drilling equipment
available. The sub-category of "deep-hole drilling" includes gun drilling, BTA drilling, and
trepanning. One of the main features of this type of machining is that the tool holding
structure is relatively slim and this adversely affects the cutting tool life, the accuracy of the
finished hole, and the entire dynamical behavior of the machine tool.

At this stage it would be appropriate to give a short summary of previous work in the
area of deep-hole machining. The review has not covered all the work in detail but the
intention is to include fully only the work that can be or has been declared to be related, by
any means, to the analyzing and measuring the cutting forces in deep hole machining.

The meticulous research began in the late 60’s to develop a number of good works,
most of them done by Griffiths (United Kingdom) and German authors, Th;:se works
presented first dynamometry considerations in deep hole machining. Subsequent work
moved the emphasis towards the dynamics, with the intention to make possible the use of
higher feeds with slenderer shanks and boring bars.

Griffths (1973a; 1973b) adopted a dynamometer consisting of a thin wall tube to
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which strain gauges were bonded to measure the mean value of static thrust and torque.

Pfleghar (1977) introduced the whole line of research which tried to model design
criteria for securing static stability of the self-guided tools. He introduced a comprehensive
analysis of forces acting on a multi-insert BT A tool. He explained the role of the supporting
pads in balancing the cutting forces and featured the need for meaningful location of the
supporting pads to insure stability in the presence of the dynamic component of the resultant
cutting force. He showed, experimentally with gun drills, that the location of the supporting
pads is related to the drift of the tool to oversize or undersize the holes. He measured the
cutting and the burnishing forces using simple strain-gage based transducers to estimate
stability.

Sakuma et al (1980a; 1980b) measured the torque and thrust using a dynamic strain
meter and a direct recording electro-magnetic oscillograph by two a cross type strain gauge
roset bonded on the periphery of the boring bar near its mounting holder.

Del Taglia and Tani (1982) proposed a method for measuring all the three
components of forces in boring using a combination of a dynamo metric table and an
angular position transducer. The dynamo metric table measures the axial component of the
cutting force and the angular position transducer gives the radial and tangential force.

Sun, et al (1982) introduced a piezo-electric shank type dynamometer and have used
it to measure the cutting forces in turning operation. Here the piezo-electric quartz three
component transducer is placed in an oval opening of the tool shank to reduce the

cross-correlation.

Chandrashekhar (1984) took an impractical approach towards the dynamics of a
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deep-hole machine tool. When examining the dynamic model of a machine tool, he set up
with many springs and dashpots to close up with the boring bar and unclear boundary
conditions. With a view of the machine tool as a stochastic system, he presented a stream of
analytical expressions with often missing nomenclature thus making it impossible for a
reader to follow. A little measurement that was attempted resulted in frequency spectra with
wrong dimensions.

Sakuma et al (1981) investigated runout in deep holes drilled under different
misalignment conditions. The runout was measured on holes drilled with a misaligned guide
bushing, They did not provide any information about the effect of the misalignment on the
cutting forces.

As seen from the above review, the condition of the used machine has never been
even mentioned especially the misalignment condition which yields discrepancy between
the results reported by Griffith(1982, 1978), Chandarcheckar(1984), and Sakuma et al
(1980a; 1980b; 1981). The misalignment between boring bar and the workpiece change the
location of the tool and the contact points and this will lead to change the rake angle and
flank angle. This lead to a large effect on the cutting forces, dynamics of the cutting process,

the tool wear which result in changing the whole picture.

2.6 RESEARCH OBJECTIVES
In view of the above, the ultimate objectives of this investigation are:
1. Proposing a new model of chip formation which is not limited by the most

assumptions usually build in the single shear plane, flow region and parallel sided
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shear zone models and in the same time capable of relating the cutting forces, tool-
workpiece and temperature to the cutting speed, feed, tool geometry and properties
of the workpiece material. The proposed model involves the development of the
shear zone model with parallel boundaries. This model have been developed by
applying the continuum mechanics to the analysis of the chip formation zone.
Studying a thermomechanical approach to predict the shear stress in the shear zone.
According to this model, the yield shear stress in the shear zone is temperature-
dependent and decrease at a definite rate as temperature increases. This approach
generalizes the effect of temperature on the yield shear stress in the shear zone.
Providing an analytical formulation of a tool cutting force system, examining the
characteristics of the cutting process and deriving a steady-state force model using
the shear zone model with parallel boundaries.
Extending the steady-state cutting forces model to be applicable for the deep hole
machining process.
Deriving a dynamic model based on the proposed steady-state cutting force model
to characterize the wave removing cutting process.
Verifying the proposed models experimentally. To achieve this goal the following
steps have been performed:-
a. Proposing a new methodology to align the machine such that the
misalignment between the tool and the workpiece is near zero to
make sure that the measured forces are not affected by misalignment.

To quantify the effect of misalignment on the cutting forces, the tool
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has been deliberately misaligned where the misalignment values have
been measured using a low cost laser-camera based system and the
forces have been measured using the Fast Fourier Transformation
(FFT) Analyzer.

Validating steady-state cutting force model by measuring the forces
for three different materials and different cutting conditions.
Validating the dynamic force model by measuring the forces for a
wavy workpiece for different cutting conditions.

Monitoring and investigating the chip formation by measuring the
cutting forces signature using the FFT

Studying the morphology of the formed chip by investigation its
structure and micro hardness distributions..

Designing a quick stop device to freeze the process of the chip

formation then investigating the structure of the partially formed chip.
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3

MECHANICS OF CHIP FORMATION USING
SHEAR ZONE MODEL WITH PARALLEL
BOUNDARIES

The proposed approach involves the development of the shear zone model with
parallel boundaries, as well as the analysis of the basic relationship of metal cutting
(Hayajneh et al, 1996). The concept of the shear zone with parallel boundaries has been
proposed many years ago(Kececloglu, 1960, Oxley and Welsh, 1963 ) and a strong
experimental evidence of such a shape is provided by Spaans (1972). However, it was
assumed that both the shear stress and the normal stress are constant within the deformation

zone limits that evidently is in contradiction with mechanics of materials (Dieter, 1986).

60



3.1 ANALYSIS OF THE CONTINUITY CONDITION

The proposed model is shown in Figures 3.1a , 3.2a, and 3.3a for different rake
angles, where the tool is single-point that is characterized by the rake angle « and intensive
shear action is created on the metal ahead of the tool as a result of the applied force. A cut
of layer ¢ turns into a chip of thickness 7, as a result of shear action in a narrow zone that runs
from the cutting edge of the tool to the work piece-chip free surface. This zone is designated
by the region ABCD with parallel boundaries occurring at a shear angle ¢. In terms of plane
strain slip-line field theory, the continuity condition can be written as follows (Keceloglu,

1960; Johnson et al, 1982).

—Z+2=0 3.1)

This condition can be simplified by using the known fact that the upper boundary of
the shear zone is a slip-line. It is known that for velocities v, and v, tangent to the mutual
perpendicular slip-lines A and B as shown in Figure 3.4, the Geiringer equations are valid
(Fredental and Geiringer, 1962):

dv,-vzde,=0 (3.2)
dvg+v,dpy=0 3.3)

Since the upper boundary of the shear zone is straight line, dg, =0. Then, equation

(3.2) becomes
dv,=0 = v, =constant 3.4)

Hence, the velocity along a straight slip-line is constant and this leads to
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Figure 3.1: Parallel boundaries shear zone model for a positive rake angle: (a)

the model (b) the velocity diagram.
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Figure 3.2: Parallel boundaries shear zone model for zero rake angle: (a) the

model (b) the velocity diagram.
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(b)

Figure 3.3: Parallel boundaries shear zone model for a negative rake angle:

(a) the model (b) the velocity diagram.
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Figure 3.4: Location of the tangent velocities relative to the slip-lines.
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—X= 3,
e 3.5)
and equation (3.1) becomes
av
—L=0 - v, =constant=> proj. v=proj. v, 3.6)

Since v,= constant, then from equation (3.3) it can be concluded that dv, = 0.
Therefore, the following equation can be written

d@y=0 = @g=constant Q.7

Hence, the second family of the slip-lines is a set of straight lines. Due to the

orthogonality of the slip-lines, the second deformation zone with parallel slip-lines is

attached to the straight upper boundary. The condition (3.6) can be rewritten in the

following form
vsing =v, cos(p-a) 3.8)
The ratio of velocities v and v,, or the ratio of the length of cut L, and the chip length

L. are known as the chip compression ratio { which can be written as (Zorev, 1966):

v _ VAt _L,, _y_cos(p-a)
v, vAr L, ¢ sing 3.9)

Therefore, this well-known equation is another .form of the continuity condition.
However, this equation shows the ways by which the chip compression ratio can be
determined experimentally (Zorev, 1966; Astakhov, 1983 ). It follows from previous
considerations that equation (3.9) is still valid for any accepted shape of the shear zone with

a straight upper boundary. This non-dimensional parameter (a compression ratio) is widely
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used in metal cutting studies but it should be emphasized here that the chip compression
ratio approach is valid not only for conditions of two-dimensional machining but also for
three-dimensional machining too and that the compression ratio does not depend on the

shape of the cross-section of the chip.

3.2 PERMISSIBLE VELOCITIES AND DISPLACEMENTS IN THE SHEAR ZONE
According to the continuity condition (3.6), the boundary conditions for the tangential

and normal velocity components (Figures 3.1b, 3.2b, and 3.3b ) are:

Vx=

. =VCosQ , y=0
(vh=-vl sin(p-a) , y=h 3.10)
V=V, =V sing
The component of the work piece velocity v, and the component of chip velocity v,,
with respect to the shear zone can have either the same or the opposite direction according
to the shear angle ¢ and the rake angle a. The difference between the velocities v, and v,,

defines the discontinuity v, of the tangential velocity v, with respect to the shear zone:

3.11)

The discontinuity v, of the tangential velocity v, during the transformation of a
deformed fragment from the work piece into the chip should be considered as an inherent
feature of the shear plane model in the cutting process. In practice, the shear zone has a
certain width 4 in which the continuous transformation of the velocity v, from v, to v,, takes

place. Thus, this transformation should be approximated by the suitable continuous
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transition curve justifying the boundary conditions (3.10) as shown in Figures 3.1b, 3.2b, and
3.3b. Since the slip-lines are straight lines, the velocity v, depends on the y coordinate only.
The law governing this dependence is unknown. However, using the experimental data and
existing experience (Kececloglu, 1960; Poletica, 1976; Trent, 1991; Bobrov, 1984; Scrutton,
1968; The, 1975), the curve v,(y) can be approximated by the following analytical function:

v =vt—v2( %) " (3.12)

where n is a parameter characterizing the non-uniform distribution of the tangential velocity
in the shear zone.

The effect of n on velocity ratio v,/v, is shown in Figures (3.5), (3.6), and (3.7) for
different chip compression ratios. These figures reveal that the shear zone is composed of
two regions. The first region is termed as the “wide region” where the tangential velocity v,
changes at a small rate. The second region is termed as the “narrow region ” where the
tangential velocity v, changes at a high rate. Also, it can be seen that as n increases, the
“wide region” becomes larger and the “ narrow region” becomes smaller. This conclusion
is in a good agreement with the results of the study of coordinate grid deformation (Poletica,
1976; Bobrov, 1984). The narrow region where a significant change of the tangential
velocity takes place may be thought as the region of the discontinuity of this velocity. This
model plays a principal role in the foregoing analysis because both the state of stress and the

state of strain and the resistance of the work material to cutting in this “ narrow region” are

very specific.
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Integration of equation (3.12) gives the displacement u,(y) reached at y as:

v,
1,0)= [ v () =%y-?n—':l( %)l (3.13)
0 n n Va Vg

The velocity v, and the velocity v . have opposite direction because the shear angle
@ is usually larger than the rake angle y. Therefore, as shown in Figure 3.8, the function u,(y)
has the maximum (y", «",) within the deformation zone. By increasing n, this maximum is
shifting closer to the upper boundary.

Function u,(y) defines the streamlines in the deformation zone bounded by parallel
boundaries. Thus, it describes the transition line CDE between the free surface of the work
piece and the chip as shown in Figure 3.8. The tangents to CDE at their intersection points
with the lower and upper boundaries are collinear with the velocity v and the velocity v,.

It is known that the streamlines in the deformation zone are equidistant lines (Zorev,
1966; Poletica, 1976 ). Therefore, to justify the continuity condition, the zone OAB of heavy
deformation should be attached to the rake surface as shown in Figure 3.8. This zone is
separated from the deformation zone by the streamline line AB, from the workpiece by the
line OB (hy)and from the rake surface by the line OA ( ¢,).

To calculate lengths of OA and OB, consider the equations for tangents CF and EF:

Xcp=Ycote 3.14)

xgpzux(h) -(y-h) tan(¢ -a) (3.15)
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From the tangents intersection at point F which has the coordinate y, it can be
written:
u (h)=[cotp+tan(p-0)]y,~htan(p-a) (3.16)
it follows from equations (3.14-3.16):

v
2 -4 —Ltan(p-a)="% stan(p-0)-—L-=
h v, n-1 Y n-1

) 3.17)

tan(p —a)( 1-1]e-—L
Y n+l

where v is the shear strain.
In particular case a = @ for a large rake angle, equation (3.17) can be further
simplified:

y 1
2| gea™l — (3.18)

It follows from equation (3.18) that with increasing » the shear plane approaches the
upper boundary of the deformation zone. At that point, the shape of the transition curve
changes dramatically as shown in Figure 3.9. For large n, a major part of this curve
coincides with the tangent at the initial point C. This phenomenon can be considered as the
reduction of the transition curve length. From observations of the free surface of the
workpiece and chip, it follows that, the change of the transition curve shape and position of

the shear plane with increasing n corresponds to the increase in the cutting speed.
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]

Figure 3.8: A model of a chip formation zone with parallel boundaries.
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Figure 3.9: Transition curves for different n.
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Also, it can be deduced from Figure 3.8 that

h-
cos(p-a) h cos(p -a)\ h) n+l

and

Ye B _ 1 ye 1 (. 1
hy= s = 1- .20
0 sing h sing h sinq)k n+l 3.20)

Taking into account that i/t = 0.3 . . . 0.5 and sing changes within the same limits,

the following approximations for ¢, and A, can be obtained

h,=t (3.21)

c,=0.1¢ (3.22)

The region OB = h, plays the same role in the cutting theory as the wear-land on the

flank surface. Therefore, this region should be taken into consideration in the calculation of
temperatures and forces on the flank surface. The region OA on the rake surface reduces the
actual contact tool-chip length. For small a this region does not play any significant role and
can be ignored. However, when a becomes larger, this region plays a significant role in the

mechanics of metal cutting because it causes the formation of the built-up edge (BUE).

76



3.3 DISTRIBUTION OF DEFORMATION IN THE CHIP FORMATION ZONE

In studying the deformation in metal cutting the main attention is usually paid to the
deformation rate which takes place in the shear zone. The rate of deformation is closely
related to the displacement and the velocities. To calculate the deformation rate a number of
different approaches and formulas were proposed (Boothroyd and Knight, 1989). The known
approaches are based on the known velocity diagram (Merchant, 1945) which has to be
corrected as shown previously. Therefore, the deformation rate for the model of
deformation zone with parallel boundaries requires additional study.

In many studies of metal cutting, the deformation in the chip formation zone is

characterized by the shear strain calculated as:

Vy _ cosa _(2-2¢sina+1
v, cos(@-a)sing Ccosa

3.23)

The reported derivation of this formula is not strict enough (Rozenberg, 1956). The
study of deformation using the grid method refutes the assumption that the deformation in
the shear zone is a simple shear (Bhattacharyya and Ham, 1969). According to experimental
data, the deformation in metal cutting is a complex deformation which cannot be
characterized by the simple shear strain.

Under accepted model of deformation shown in Figures 3.1, 3.2, and 3.3, the tensor
of infinitely small increments of deformations can be represented by only two (which are
equal due to the symmetry of the tensor) non-zero shear strain components.

The other two components of that tensor are equal to zero, that is
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den=-a-a;(dux) =0

-3 (3.29)
de_=—(dv,)=0
ox

and

de, =2 (du)=0
% (3.25)

- 3 _

dsyy—é;(dvy) =0

Since the normal velocity v, is constant across the shear zone and the slip-lines are
straight, the displacement increment along the x-coordinate depends only on y-coordinate.
Since de,, and de ,, are equal to zero, the corresponding components of final
deformation are also equal to zero. Therefore, the maximum shear strain rate can be

expressed as

dv_ dv n-1
o= = 2y _, cosa "{l) (3.26)

dy dx cos(p-a) h\ h

To calculate the engineering shear strain, consider the displacements in the
deformation zone with the parallel boundaries shown in Figure 3.10. The x-coordinate
coincides with the direction of shearing and the y-coordinate is in the direction of v,. In this

coordinate system, the displacement u,(y) becomes:

Vi V3 h (l n+1
w(y) v”y v, n+1\ h) 3.27

According to the theory of deformation, an infinitely small increment of angular
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Figure 3.10: (a) The model of the chip formation zone and (b) the trajectory

of a particle in this zone.
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deformation can be defined as the sum of partial strain increments along the x and y

coordinates (Fredental and Geiringer, 1962):

o] d nVf y)*!
=—Vfdu =—Jd =— =
A1y~ 0= 14 0)] h—{vn h) dy (3.28)
The shear strain y(y) in the chip formation zone may be obtained by the integration

of equation (3.28) which gives:

v(y)=j" 72 l) a2 2)" (3.29)
ohvn h v\h )

The final engineering shear strain y(k), when y = h, coincides with the strain defined
by equation (3.23) which is commonly used in practice and can be written in the following

form:

v
B)="2 - cosa
v) v, cos(p-a)sing (3.30)

It follows from equation (3.30) that the final engineering shear strain y(h) ( when the
deformation of work material is considered in the zone with parallel boundaries) does not
depend neither on the width of the zone h, nor on n, but is entirely defined by the values of
the velocity break v, and of the normal velocity v,. Since y(h) does not depend on n, it can
be concluded that equation (3.29) is also valid for the model with single shear plane, which
can be considered as a limiting case of the model with parallel boundaries when n - 0.
Figure 3.11 reveals the function (3.29) as well as the experimental results obtained in cutting
of copper with small cutting speeds (Kufarev,1970). The comparison between the calculated

and experimental results shows that the experimental results can be well approximated by
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function (3.29) when n=3.

As it follows from Figure 3.11, a major part of the plastic deformation takes place in
the closed neighborhood of the upper boundary of the deformation zone. The increase in
cutting speed increases this tendency.

The conditional separation of the deformation zone into two parts as mentioned
before, assumes that conditional boundary exists between “wide” and “narrow” parts of this
zone. The position of this boundary should be estimated quantitatively. Such an estimation
requires a certain idealization of a real cutting process. The objective of this idealization is
to define the resistance of the work material to cutting. Because the yield shear stress in
cutting is correlated to the mechanical characteristics in tensile tests, the value of engineering
strain, which is equal to the intensity of angular deformation in a tensile test at the instant
of necking initiation, is taken as a criterion of separation between "wide" and "narrow" parts
of the deformation zone. This criterion is already used by a number of investigators for the
comparison of cutting and tensile tests.

When the elastic part of deformation is not considered, the failure shear strain y,, and
failure strain g, relationship may be taken as a criterion to define the boundary separated
"wide" and "narrow" parts of the deformation zone:

Y, =V3In(1+e,,) (3.31)

For the typical cutting conditions the final average strain y(h)=2.5, and &,=0.2.
Therefore, as the first approximation, the deformation in the wide zone for the typical
practical conditions is as large as 10-15% of the final strain. With an increase in the rake

angle a and the failure strain of the work piece material, the part of deformation, which takes
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place in the wide zone, is growing.
Assuming for particular case v, /y(h)=0.12 and using equation (3.29), the ratio h/h
( h, is the size of the zone of the main deformations ) as a function of n may be found as
shown in Figure 3.12 :
%:1-%:1-( ?%))l 332)
Examination of Figure 3.12 shows that with increasing n the size of 4, becomes
smaller. The same tendency was observed with increase in the cutting speed. Changing the
cutting speed from 0.3 to 3 m/s leads to the reduction of the deformation zone by half. In a
conclusion, it can be stated that, for practical conditions of machining of steels by the carbide
tools, the value of n =4-8 is a good approximation. The shear strain rate and its distribution

in the deformation zone play a vital role in metal cutting studies. This rate can be calculated

as:

o YO dy V2 y.l
10) P n() (3.33)

where y=v,t.

Taking the width of the deformation zone, 4, approximately equal to the half of uncut
chip thickness, ¢, it can be concluded that, for the typical cutting conditions, the term v,/h
is of the order of 10* sec™ as shown in Figure 3.13 (in logarithmic scale) shows the
distribution of the strain rate in the deformation zone for different n. It can be seen that the
strain rate at the border of the preliminary and final deformation zone reaches high values

10* sec™ but almost, does not depend on n when n = 4-8. Therefore, it is not necessary
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to measure the values of n experimentally. The strain rate ¥, at the border of the wide and

final approximation zone is

n-1
=2y 2| m 20.8-12)= 3.34
Ta h y(h)) ¢ ) h 6-34)

It can be seen from equation (3.34) that for the practically reasonable regimes, both
the values of v/k and the failure strain rate are of the same order.
The strain rate reaches its maximum value when it approaches the upper border of

the deformation zone and it reaches

. vy
Y(h) =7l‘" (3.35)

It follows from equation (3.35) that when -0, the strain rate y'(h) ~e. This model
corresponds to one shear plane model and, to a big surprise, is not contradict with the
mechanics of materials because, even under this extreme conditions, the inertia stress

remains relatively small.

34 THERMOMECHANICAL MODEL FOR THE SHEAR STRESS IN THE
PRIMARY AND SECONDARY SHEAR ZONES

The thermomechanical model of the work piece material resistance to cutting was
first proposed by Kushnir (1982) and modified by Astakhov (1994). According to the
thermomechanical model, the flow shear stress of the workpiece material is

temperature-dependant and decreases ata defined rate as temperature increases. Summarized
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the experimental data for a wide range of the workpiece materials shown in Figure 3.17,
reveals that this rate is a constant. The basic relationship of this model can be presented in
the following form:

t=0,,(1-.00057) 3.36)
where tis the yield shear stress of the workpiece in the shear zone (Mpa), G, is the ultimate
tensile strength of work piece material (Mpa) and T is the temperature in centigrade (C°).
Analysis of reported studying temperature in metal cutting (Boothroyd, 1963; Kushner, 1982;
Boothroyd and Knight, 1989; Oxley, 1989; Astakhov, 1992) shows that the average

temperature in the shear zone, can be predicted by :

CuY
T - ult
e 337

where c, is the specific heat capacity of the workpiece material and p the density of the

workpiece material.

Substituting equation (3.37) into equation (3.36), the following equation can be

obtained
cosa.
Out sinpcos(p-a) (3.38)
T, = 6, | 1-0.0005 ’
c

14

The average temperature along the plastic part of the tool-chip interface, T,,canbe

defined as (Kushner, 1982):
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Figure 3.14: Effect of temperature on the ratio ¢/ ¢, (Kushner, 1982).
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T.=79| % 3(’" AP 4 3.39
- IOOCP t—c‘ (Pe) ¢ )

where [, is the length of the plastic part of the tool-chip contact length (m), { is the chip
compression ratio, ¢ is the uncut chip thickness (m) and Pe is the Peclet number which can

be defined as follow:-

Pe= — 3.40)

where v is the cutting speed (m/s), t is the uncut chip thickness (m) and w is the thermal
diffusiticity of the workpiece material (m%s). By substituting equation (3.40) into equation

(3.39), it can be obtained:

( T, ]0'8( l“) 04 vr) 04
Tf= 79 — ( —) (3.41)
100 <, tl w

3.5 SUMMARY

The shear zone model with parallel boundaries has been chosen as a model for
mechanics of cutting and cutting force determination. The analysis leads to the following
conclusions:

1. Two families of straight slip-lines constitute the deformation zone in metal cutting:
one family is parallel and another is perpendicular to the straight upper boundary of

this zone.

2. The well-known equation for the chip compression ratio is another form of the
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continuity condition. This equation is valid for any shape of shear zone with a
straight upper boundary.

The discontinuity of the tangential velocity (the component of the cutting speed
which is parallel to the boundary of the shear zone) during the transformation of a
deformed fragment from the work piece into the chip is an attribute of the shear plane
model phenomenon in the cutting process. In practice, the shear zone always has a
certain width, within which the continuous transformation of the velocity takes place.
Therefore, the acceleration, strain and strain-rate in the shear zone with parailel
boundaries are not uniformly distributed as thought before. The final true shear
strain does not depends upon neither the zone’s width, nor the exponent of
non-uniform strain distribution of strain, but is entirely defined by the values of the
discontinuity of the tangential velocity and normal velocity. Therefore, the shear
plane model may be considered as a limiting case of the shear zone model with
parallel boundaries.

Thermomechanical model of the work-material resistance to cutting defines the ratio
of the yield shear stress (in the shear zone and in the plastic zone on the tool rake )
to the ultimate tensile strength and it is a linear function of cutting temperature.
Based on this, shear zone a model for cutting force components is suggested as will
be seen in the next chapter. To avoid the determination of friction angle, computation

of the tangential force acting on the tool face is proposed.
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4

STEADY-STATE CUTTING FORCE MODEL
BASED ON THE SHEAR ZONE MODEL WITH
PARALLEL BOUNDARIES AND ITS APPLICATION
TO THE BTA PROCESS.

This chapter comprises the analytical evaluation of the steady-state force model
which has been derived using the model of shear zone with parallel boundaries. Then this

model has been applied to the deep hole machining process as typical orthogonal..

4.1 STEADY-STATE CUTTING FORCE MODEL

Theoretical determination of the cutting forces is one of the main concerns in metal
cutting. The cutting force components acting along the corresponding axes, namely the

cutting force F, and the thrust force F, can be determined from the following equation:
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_ F cosa+F sing

Fe (p-a)
cos(p-a
F cosp-F sina @.1)
F, = L9700
cos(p-a)

where F, is the shear force along the shear zone boundaries, F; is the tangential force on the
rake face, @ is the shear angle, and a is the rake angle. To calculate these components it is
necessary to know shear force F, in the shear zone and the tangential force F; on the rake

face. The shear force F, can be calculated as:

th
Fe=r, sing

4.2)

where 7, is the shear flow stress in the shear zone; b is the width of cut; ¢ is the uncut chip
thickness; and ¢ is the shear angle.

It is also known that the shear flow stress of the workpiece material is temperature
dependent and it decreases at a constant rate with temperature (Dieter, 1986). It has been
shown by Kushner (1982) that for a vast variety of steels, the shear flow stress may be related

to the ultimate tensile strength in terms of temperature as follows:
T = o, (1-0.00057) 4.3)

where 7 is the shear flow stress of the workpiece material (Mpa), o, is ultimate tensile
strength of the workpiece material (Mpa) at 20 C° and T is the temperature (C°).

The temperature in the shear zone , T, can be defined as (Oxley 1989):

C..Y
T: = _ult? (4.4)

cV
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where c, is the specific heat capacity at constant volume of deformed material and v is the

final shear strain which is known to be (Merchant, 1945):

1966)

- cosa 4
singcos(p-a) @3)
Substituting equation (4.5) into equation (4.4) one may obtain:
cosa
Cule singcos(p-a)
T, = ? ' (4.6)
CV
Substituting equation (4.6) into equation (4.3):
cosa
Cut sin@ cos(@ ~a) @.n
T, = o, | 1-0.0005 )
CV
Substituting equation (4.7) into equation (4.2):
cosa
Ot sinpcos(p-a) | 1 4.8)
F, = o,tb 1-0.0005 - :
c sing

v

The tangential force F,acting along the tool-chip interface can be obtained as (Zorev,

r= 0, 4.9)

here [, is the effective length of the tool-chip interface and <, is the shear flow stress along

the chip-tool interface which can be obtained from the thermomechanical model knowing
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the tool-chip interface temperature as

T = 0,(1-0.0005 1) 4.10)

where T is the tool-chip interface temperature (Kushner, 1982)

T 08 I 0.4
= s st 0.4
T, 79( lOOpcp) [ Ct) (Pe) 4.11)

where /, is the length of the plastic part of the tool-chip interface and Pe is the peclet number

which can be written as

Pe = — 4.12)

w=— (4.13)

where k is the thermal conductivity of the workpiece material,
However, the experimental work done by Astakhov (1994; 1983 ) shows that the full
tool-chip interface length /,, the effective length l.rand the length of the plastic part of the

tool-chip interface /, can be written in terms of chip compression ratio { as follow:

lf=t CLS
=2, -2,ps
lg=3 =318 4.14)
3 32

The shear flow stress in the tool-chip interface can be calculated as
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2 0.8 0.4

c 4

T, =0,,,|1-0.00395| —_-0,0005 —*4____COs& ( “v] 4.15)
100c, lOOc,,z sinpcos(@-a) Cw

here, . is the length of the plastic part of the tool-chip interface, w is the thermal diffuseness
of workpiece material and { is the chip compression ratio.
Substituting equation (4.15) into equation (4.9) the tangential force F, along the tool-

chip interface can be written as

2 0.8 04

o c ly

F,= o,,bl_{1-0.00395 —2_-0.0005 —£.___€05¢ [ st ) 4.16)
100c, 100c? sinpcos(p-a) | | {w

Knowing the shear force F, and F, the cutting force F_ and the tangential force F,can

be obtained from the following equation:

F, = F_cosp-F,sing
Ff = china+F,cosa

4.17)

4.2 CUTTINGFORCE COMPONENTS IN BTA MACHINING USING THE SHEAR
ZONE WITH PARALLEL BOUNDARIES

The BTA method basically utilizes single or multi cutting edge tool with an internal
chip removal. The cutting edge geometry is important because it defines the model for
metal cutting, cutting force distribution, chip formation, cutting edges wear, and the surface

accuracy of the hole produced.
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4.2.1 Cutting Force Components

Based on the tool geometry and due to the fact that the velocity of cutting is
perpendicular to the cutting edges, the deep-hole machining operation may be considered as
an orthogonal machining operation. The resultant cutting force is commonly resolved into
three components (Latinovic, 1978):

1. The tangential contributing component F, parallel to the cutting velocity vector.
2. The radial component F, along the radius of the tool.
3. The axial component F, along the axis of the tool.

The formulation of the steady state cutting force equations requires evidence on the
nature of the deformation zone. A complete force system in the deep-hole machining
operation is specified by the axial, tangential, radial force components and the point of
application of the resultant force. This system will be modified by shifting the force to the
axis of the tool. But such a shift of the three forces leads to an introduction of a torque acting
along the axis of the boring bar-cutting tool system. Therefore to specify the BTA deep hole
machining operation not only are the axial, radial and tangential forces to be evaluated, but
also an expression for torque is to be obtained.

For the purpose of evaluating the total cutting force, the entire cutting edge can be
considered as being made up of small increments of cutting edge “dr” and then summing up
the contributions due to these over a radius of hole.

The force system on an incremental of the cutting profile is shown in Figure 4.1.
Since the cutting velocity at each increment is at right angles to the cutting profile the

machining is an orthogonal operation and the cutting force at each section can t be described.
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Figure 4.1: Cutting force representation at a distance r from the center of the

cutting tool.
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The shear flow stress at distance r can be defined using the thermo mechanical model

t(r) = ¢,(1-0.0005T(r)) 4.18)
where T,(r) is the temperature in the shear zone which can be defined as (Oxley, 1989)

() = Jut® @.19)
pe,

where y(r) is the shear strain in the shear zone at distance r and pc, is the heat capacity of

the workpiece material. The shear strain y(r) can be written as

cosa(r)

1) = — 4.20
SInQ(r) cos(p(r)-a(r) (.20
where a(r) and @(r) are the rake and shear angles at radius r, respectively.
Substituting equation (4.19) into equation (4.18)
c
@) = o) 1-.0005 270 @.21)

The relationship between the shear angle @(r) and the rake angle a(r) and the chip

compression ratio {(r) at certain point can be written as

—pan -l cosa(r)
o(r)=tan (_—C(f) —sina(r)) 4.22)

It is well known that the shear angle @(r) depends upon the velocity of the machining
v(r), the feed ¢, the rake angle a(r), cutting tool, workpiece material, and cutting fluid.

Mathematically it can be expressed in the following form:
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&) =f,(v(r).t,a(r), cutting tool material, workpiece material) 4.23)

As it was suggested (Nigm and Sadek, 1977), the following equation for chip

compression ratio {(r) can be written

&0 =

h m( 40t(200v(r))")] @4.24)

esina(r) +(1-fsina(r)) g+
(4x10* )k q

whereee, f, g, h, k, n and q are constants, ¢ is the undeformed chip thickness () and v(r) is
the cutting speed (m/s).
The shear flow stress at the chip-tool interface at distance r can be written as
T(r) = 0,(1-0.0005T(r)) 4.25)
where T(r) is the tool-chip interface at distance r from the center of rotation which can be

written as

0.8 0.4
( l"(')) (Pe(r)P4 (4.26)

T = 79 =0
A = IOOpcp &t

where Pe(r) is the peclet number at distance r which can be written as

_ pc, v(r)t

Pe(r) T

@4.27)

and [,(r) is the length of the plastic part of the tool-chip interface. Using equation (4.14) the
full tool-chip interface length [, the effective length I, and the length of the plastic part of

the tool-chip interface L, at a distance r from the axis of the cutting tool can be written as
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Ir)=eLryts
l q(r) % lj(r)

3 32 1
l“(r) = Zle‘ﬂf) = Z?lj(r) = EtC(r)l.S

"
]

2 1S
3750 @.28)

The shear force on an incremental thickness dr of the cutting profile at distance r can

be written as

_ t
dF (r) = (1) P dr 4.29)

which can be written as

dF (r) =H (r)dr

H(r) = T (1) (4.30)

sing(r)
Also the tangential force F/(r) on the rake face at distance r can be written as
E(r) =t(nl [(r)dr 4.31)
which can be written as
:It:‘(,r()r) ;Pi;((rr))ljr) 4.32)
Knowing the shear force F(r) and the tangential friction force F(r), the cutting
forcees on an incremental thickness as shown in Figure 4.1 can be obtained from the
following equations
dF (r) = dF (r)cose(r)-dF q(r)sin(p(r)
dF{r) = dF (r)cosa(r)+dF (r)cosa(r) 4.33)

Hence
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H,{r(r) cosa(r) +I-Ij(r) sin@(r) Jr

cos (¢(r) -a(r))
J : 4.349)
H(r)cosg(r)-H(r)sino(r) dr

cos (¢(r)-a(r))

dF ()

t

dF ()

From the geometry of the cutting edge, the expression for the radial and axial

components of the cutting force in the region under consideration can be written as

dF (r) = dF ()sinx(r)
dF (r) = dF, :(r)cosx(r) 4.35)

where %(7) is the approach angle of the cutting edge at distance r.

The tangential, radial and axial forces can be written in the following form

_ H (r)cosa(r) +Hf(r) sin@(r) ir

H 1) cosptry B (na(r)
dF (r) = (D c:;:’(;(r) _i(:;ma ’ sinx(r)dr 4.36)
_ Hf(r) cos@(r)-H (r)sina(r)

~
<
|

dF (r) = P cosx(r)dr
which can be rewritten as
dF (r) = A(r)dr
dF (r) = M(r)sinx(r)dr 4.37)
dF (r) = M(r)cosx(r)dr

where

_ H (r)cosa(r) +Hj(r) sing(r)

cos (¢(r)-a(r))
H(r) cos(r)-H (r)sina(r) (4.38)

cos (@(r)-a(r)

A@)

M(r) =

A complete specification for any rotating tool requires an expression for the torque

acting on the cutting edge. The torque on a given section can be written as
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dI(r) = rdF(r) 4.39)

which can be written as

dI(r) = A(Drdr 4.40)

The forces and torque consist of two components, the steady and the dynamic

components, that is

F(n) = F,(N+AF(r)

F(r) = F_(N+AF (r)

F(r) = F_(N+AF.(n) @41)
I(r) = T (N+AT(r)

]

where F,(r), F,(r) and F,,(r) are the steady forces on the incremental thickness at distance
r, AF(r), AF(r) and AF (r) are the dynamic components of these forces, T,,(r) is the steady
torque component and A7(r) is the dynamic components of the torque.

The steady components of the tangential, radial and axial forces over the entire

cutting edge can be written as

F_ = f A(ndr+ f A(ndr+...... f A(ndr
section i=1 Section i=2 section i=n
F_ = f M(P)sinx(r)dr+ f M(Psinx(r)dr+....... f M(P)sinx(r)dr
section i=1 section i=2 section i=n ( 4. 42)
F,_ = f M(r)cosx(r)dr+ f M(r)cosx(r)dr+....... f M(r)cosx(r)dr
section i=1 section i=2 section i=n
T, = f A(Drdr+ f A(Drdr+....... f A(Drdr
Section i=1 section i=2 section i=n

where n is the number of the sections over the diameter of the tool as seen Figure 4.2

(Latinovic, 1978).
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Figure 4.2: Section of the BTA cutting profile.

103



4.2.2 Computer Simulations

Four series of testing programs were curried out to assess the effects of the cutting
tool geometry, feed, cutting speed, and workpiece material on the steady state cutting forces.
A Fortran program has been written to simulate the formulated model. The results of this

simulation together with the obtained experimntal results are presented in chapter nine.
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5

AN ANALYTICAL EVALUATION OF THE
CUTTING FORCES IN ORTHOGONAL CUTTING
USING THE DYNAMIC MODEL OF SHEAR ZONE
WITH PARALLEL BOUNDARIES

This chapter present an evaluation of the dynamic forces in orthogonal cutting using
the shear zone model with parallel boundaries (Hayajneh et al, 1997a, 1997 b). The cutting
system was modeled using a single degree-of freedom dynamic system where the variations
of the cutting forces are represented by their total differentials. The influence of temperature
on the shear flow stress of workpiece material is accounted. The experimental verification
of the proposed model was performed using a two-component piezoelectric dynamometer

and applying the rotating cutting tool-stationary workpiece method.
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5.1 INTRODUCTION

In order to study the chatter, it is important to distinguish the sources of vibrations.

Basically, the machining vibrations are usually classified into the following four main

categories (Nigm et al, 1977):

1.

Free vibration which may be initiated by some impact or shock. This vibration
usually decays under the damping action of the machine tool.

Forced vibration caused by a source other than cutting. This may be initiated by
unbalance in the machine-tool drive. Knowing the source of these forced vibrations,
they can be prevented by redesign of the machine tool structure.

Forced vibration initiated by the inherent periodicity in the cutting process such that
the built-up edge and discontinuity of the chip.

Self-excited vibration. This type is classified into a regenerative and a non-
regenerative chatter. The regenerative effect is caused by the superposition of
successive cuts, where the tool removes a wavy surface generated in the previous
pass. The non-regenerative vibration is maintained by cutting force fluctuations that
are induced by the cutting tool-workpiece relative displacement of periodic nature.

In order to understand the mechanisms leading to the chatter, it is essential to know

how the cutting forces vary with variation of cutting conditions and tool-workpiece relative

motion. The cutting forces depend on a large number of cutting system parameters which

make the formulation of an analytical dynamic cutting force model a rather difficult task.

Many techniques have been developed over the past 50 years for machine tool-cutting

process identification. The general approach of these techniques is to assume that the cutting
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forces are an approximate linear function of relative tool-workpiece position and velocity
(Peters et al, 1971). The coefficients of this function, known as dynamic force coefficients,
are the induced stiffness and the damping. Traditionally, the dynamic force functions are
assumed to be linear expressions in terms of a number of time-dependent variables, which
include the inner and outer modulations of the uncut chip thickness and their first time
derivatives. The coefficients of these variation terms may be determined through
experimental or analytical technique. The experimental technique is to develop an
experimental method for direct measurement of the transfer function between the cutting
force and the variables in the modulation of the uncut chip thickness (Peter et al, 1971). The
experimental method is highly empirical and requires a very sophisticated test apparatus and
analysis procedures.

The promising way of formulating a proper dynamic cutting force is using the
mechanics of chip formation (Nigm et al, 1977; Das and Tobias, 1967; Rubenstein, 1972).
However, the models for chip formation used so far for this purpose are not in good
agreement with the results of experiments. For example, Wu and Liu (1985a, 1985b) and
Wu (1986; 1988; 1989) developed a dynamic cutting force model using the single shear
plane model for orthogonal cutting which exhibits serious shortcomings (Astakov and
Osman, 1996; Oxley, 1989). Therefore, it is reasonable to suggest that a new model of chip
formation which is in better agreements with the experiments should be used.

Astakhov and Osman (1996) proposed a model of chip formation with parallel
boundaries which appears to be free from many of the known contradictions associated with

the other reported models. It would be logical to incorporate it into the dynamic analysis
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of the cutting forces. This is one of the main objectives of the work.

5.2 DYNAMIC MODEL OF SHEAR ZONE WITH PARALLEL BOUNDARIES
5. 2.1 General Force Model

In the present study, the real machining system is approximated with a single
degree-of-freedom dynamic system shown in Figure 5.1. In this figure, a flexible cutting
tool, vibrating normal to the cutting direcﬂon, is set to remove a layer of work material with
a wavy top surface produced during previous cuts. The cutting speed, the mean uncut chip
thickness, and the rake angle are preset to be v, ¢, and a, respectively. The coordinate
system, illustrated in Figure 5.1, is described as follows:

. the x-axis is normal to the direction of the cutting speed and this axis will be referred
to as the vibration axis;
. the y-axis is perpendicular to the x-axis as shown in Figure 5.1.

Atany instant, the tool tip has the displacement x, along the vibration axis, while the
surface end of the shear plane has the displacement x, relative to its equilibrium position, as
shown in Figure (5.1). The oscillation velocities of the tool tip and the surface end of the
shear plane are denoted by x'; and x’, , respectively.

It is known (Merchant, 1945) that for steady-state machining the cutting forces are
determined only by an invariable cutting configuration. Once that configuration is known,
the cutting force components acting along the corresponding axes, namely the tangential F,

and the radial F, cutting force (Figure 5.1) can be determined as follows
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Figure 5.1: A model of shear zone with parallel boundaries as applied to

evaluate the dynamic cutting force.
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B Fxcoso.+Ffsimp

" cos(p-a)
F /COSQ -F_sina G.1)

F =

X

cos(p-a)

where F, is the shear force along the shear zone boundaries, F, is the tangential force on the
rake face and @ is the shear angle.

Since in the present study the configuration of the cutting system is considered to be
variable then the dynamic values of these forces should be considered as functions of the
corresponding dynamic cutting parameters such as shear force, shear angle, and rake angle
which are denoted as Fg, F,;, ¢,, and a,, respectively. Therefore, a general force model may
be represented in the following form:

_ Fcosa,+Fpsing;

F, =
cos(p;,-a,) 52
F = Fcosg,~F;sina, (-2)
= cos(p;-a)

The dynamic value of each model’s component may be represented by the the sum

of its steady-state value and its incremental variation as follows:

Fy,. = Fy +dFy

F,, = F +dF,

F:i = F s +de (5 3)
Fﬁ = Ff+de

a = q+da

P, = +dp

5.2.2 Determination of the Cutting Force Components

The incremental variations of the cutting forces F, and F, may be represented by
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their total differentials. Using equation (5.2) and neglecting the terms of high orders, one

may obtain these incremental variations in the following form

dF, = gdF,_ + gzde + g.do + gda

dF, = e/dF, + e,dF, + e;dp + edo (-4)
where the coefficients of equation (5.4) are
g, = cosa
' cos(p-a)
_ __Sing
£2 cos(p—-a)
choscpcos((p -a)+(F cosa +Ffsincp)sin(cp -a) a.S)
g =
3 cos¥(p-a)
-F sinacos(p-a)+(F cosa +Ffsinq>)sin(q> -a)
g =
4 cos(p-a)
and
sina
el =
cos(p-a)
_ cosQ
e, = ———
cos(p-a)
-F,sinq:cos(q: -a) +(F]coscp -F sina)sin(¢-a) (5.6)
e, =
3 cos?(p-a)
~F cosacos(¢-a)+(F /COSQ -F sina)sin(¢-a)
e =
4 cos’(p-a)
It is known (Merchant, 1945) that the shearing force F, is calculated as:
th
F =1t — g
L 4 S sinQ (5 7)

where 1, is the shear flow stress in the shear zone; b is the width of cut; ¢ is the uncut chip
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thickness; and @ is the shear angle.
The incremental variation of the shearing force F, may be represented by its total

differential. Using equation (4.8) and neglecting the terms of high orders, one may obtain:

dF, = ndt + ndo + n,da (5.8)

4

where the coefficients n,, n, and n, are calculated as

c
b{ 1 ~0.0005 —*t cosa ]

ny = Oud—
sing@ ¢, sin*@cos(p-a)
c —cinlm <i - : -
n, = o th- COSQ . 0.0005 —ut cosa (—sin“@ sin(p —a)+2singpcospcos(p —a)) (5.9)
| sin%g c, sin*pcos?(p-a)
n, = o,,t40.0005 O sin’pcos(p-a)sina-cosasin®psin(p-a)
i c, sin*pcos®(p-a)

The incremental variation of the tangential force F, may be represented by its total

differential. Using equation (4.16) and neglecting the terms of high orders, one may obtain:

de = mydt + myd{ + mydv + mde + mda (5.10)

where m, , m,, m;, m, and ms are
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357325 08 .35p425 )06
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10 2w sinpcos(p-a) 2w
[ 357425 08 357425 )70
m3=Cl C t>-F C3- C4 i cosa >~y (5.11)
i 2w sinp cos(p-a) 2w

m,=C|-8C,C, cosacos(2p- a){ -c, cosa )‘01( t35§425v] 04
¢ l_ *sin <pcos2(q>—a)\ 3 * sinpcos(p-a) 2w

[ P 02 35,425, )%
m=C08CC = O R ) l(t—s_) ]

sing cosz((p -a) k 3 e sinpcos(p-a) 2w

5.2.3 Influence of Incremental Variations of the Shear Angle

The model of shear zone with parallel boundaries utilizes the Merchant’s expression

for the shear angle ¢ (Merchant, 1945):

_ -1 _cosa
¢ = tan (C—sina) (5-12)

Here, the chip compression ratio and rake angle are constant. However, this is not

the case in the present consideration. Therefore, dynamic variations of these parameters

should be considered.

The incremental variation of the shear angle may be represented by its total

differential in the following form:

® by (5.13)

_ 99 dp op
do + da+
ag % da da
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As can be seen, equation (5.13) contains three terms instead of two as might be
expected from equation (5.12). We may explain this as follows. The angle y represent the
angle between the free surface of the workpiece and the y-direction. Since in the steady-state
consideration this angle is zero, it does not appear in equation (5.12). In the dynamic
consideration, however, this angle plays an important role. In wave cutting , the dynamic
direction of cutting is at an angle dy, with the direction against which the rake angle of the
tool is measured that increases the rake angle. In wave removing, the opposite is the case so
that dy, decreases the rake. In actual practice, a certain combination of the above two
types (wave cutting and wave removing) is the case. Therefore, the static rake angle is
modified by the incremental variation of angle y. This incremental variation can be

represented as:

dy = dy, + dy, (5.14)

Bearing in mind the foregoing consideration, one may express equation (5.13) as

follows:

de = s, dC + s,da + sdy (5.15)
where s, and s, are
~-Ccosa
5 = 5 v
(¢-sinafq1+ Cco§a J
\ &—sina )
s = 1-Csina (5.16)
2 [ cosq )2
(¢-sina)1 + =222
\ §-sina) |
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The compression ratio £ can be written as (Nigm et al, 1977):

¢ = —1 :

esina+{1 -f: sinu.{gt e l’:)“t)l’ ln( 40t (2q00 v)"] ] 5.17)

where ¢, f, g, h, p, n and g are constants, ¢ is the undeformed chip thickness (m) and v is the
cutting speed (m/s).

As mightbe expected, the chip compression ratio varies with other cutting parameters
(Astakhov and Osman, 1996; Nigm and Sadek, 1977). The incremental variation of the

compression ratio £ can be represented by its total differential in the following form:

=X Ky o 58
LSt HZY W™ (5-18)

which can be simplified as

dg = ldt + Ldv + Lda (5.19)

where [, [, and [, are
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. |
. . h 40:(200v)"
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[esma+( fsmu{g (4x10“t)"lu( . )Hl
. h n

- 1- —_—

. ( ﬁ?lna)[————‘(4x104t)k v)]
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2 -
esina+(1-fsina)g+ h ln( 40t(200v)")
(4x10% )k q ]

\
h 40:(200v)"
- l - + ]
- [e cosa +< ’ cosa{g (4x1 t)k-ﬂ{ 4 } u

3 h
T 401(200v)"
[e sina+{1 fsxna{g + TR !u( . ) I

Substituting equation (5.19) into equation (5.15), one may obtain:

dp = s|lidt + s\Ldv + (s,l;+s))da + s,dy (5.21)

The incremental variation of the shearing force is obtained by substituting equations
(5.19) and (5.21) into equation (5.10)

dF =P dt+P,dv+Pda+P dy (5.22)

where P, , P,, P;and P,are

P =m, +m, 1, +m4slll
Py=m,l,+m,+m,s,l,

Py=ms l;+ms,+m, 1 +mg (5-23)
P,=m,s,
Similarly, substituting equation (5.21) into equation (5.8), one may get
dF, =T,dt+T,dv+T,da+T dy (5.24)

where T, T, T, and T, are
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Ti=n,+ nys,l,
T,=n,s,l,
T,=n,s\l,+n,s,+n,
T;=n,s,

(5.25)

Finally, the incremental variations of the cutting force’s coordinate components are

obtained by substituting equations (5.21), (5.22) and (5.24) into equation (5.4):

dF, =A dt+A, dv+A da+A dy (5.26)

where Ay A,y Ay, A, are

A =g, T +g,P +g;5l,
A, =g\ T,+g,P,+8;5,l,

Ay=8T;+8,P3+8:5, 15 +855,+8, (5:27)
A, =8 T,+8,P4+8;55,
and
dF, =Audt+Avxdv+Aaxda+Awdw (5.28)
where A, A,,, A, A, are
Am=elT1 +e21-"l +e3slll
A =eT,+e,P,+ess,l, (529)

Agx=e T +e,Py+e;s il ves,+e,

AW=eIT4+e2P4+e3.s*2

5.2.4 Interpretation of The Incremental Variations in Terms of Cutting Process
Parameters
If the motion of the lower chip boundary is designated by x';, and the motion of the

upper chip boundary is designated by x’, then the variation of the cutting parameters are
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given by

x
da = ._l.
v
X, —X
d\v - lv 2
: (5.30)
dt = x,~-x,+6—
17275
%32
dv = —
2v

where ¢ is the geometric lead of the free end of the shear zone relatively to its end on the tool

cutting edge. Simple analysis of the model in Figure. (5.1) shows that:

£ = tcotp (5.31)
Substituting equation (5.30) and (5.44) into equations (5.26) and (5.28), one may obtain:

2

F = X % X X, %, 5
dF, =A,( x=x+ 1eop—)+A, (2 ) +Ag, (—)+A,(——) (5.32)
and
X %2 % X, X,
dF_ =A,(x;~x,+ tcotq)—v-) +Avx(—27) +Aux(7) +A,( > ) (5.33)
5.2.5 Equations of Motion

Multiple observations and measurements of the profile of the surface of cut show that
x, and x, may be assumed to be harmonic functions having corresponding frequencies ®, and

o, , that is

118



x = choscolT

x, = X,cosa, T

X = -lelsmmlT
%, = X,0,.5in0,T

(5349

where ©,, @, are defined by the chosen cutting regime and the diameter of the workpiece if

the chip formation process is stable (Astakhov et al, 1977).

5.2.6 Proposed Model for the Cutting Force Evaluation
The proposed model for the cutting force evaluation is obtained by substituting
equation (5.34) into equations (5.32) and (5.33) and by substituting the result into equation

(5.3):

-+

X, o,sino, T
F,=F, + dF, = F, + A | X coso, T -X, cosw, T-rcotg———

X, %0*sin’o, T -X,0,sino, T
+A + 5.35)
4 2v @ v (
4 -X,0,sine, T+X,0,sine, T
v
and
cholsincolT
F, =F_ +dF_=F_+ A} Xcoso,T-X,cosw, T-tcotop————| +
v
X, %e?sin‘o, T A -X,0,sino, T . (5.36)
v 2v bl v
-X,0,5ino, T+X2m2sinc02T]
hé v
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5.2.7 Computer Simulations

Four series of testing programs were carried out to assess the effects of the cutting
feed, cutting speed, rake angle and frequency of the waves on the work surface on the
dynamic force components F, and F,. T able 5.1 presents the cutting conditions and Table
5.2 presents the cutting regimes used in the simulations. A Fortran program has been written
to simulate formulated model. In chapter nine, the results of the simulation has been

presented together with the experimental results.

Table 5.1. Cutting conditions for the simulation study

Workpiece material Hot finished mild steel 0.25% C

Cutting tool Carbide inserts (rake angles O, 5, 10 degree)
Width of cut 3.5mm

Work surface Sinusoidal wave form of 0.05 mm amplitude
Tool vibration Sinusoidal wave form of 0.05 mm amplitude
Cutting method Orthogonal dry cutting

Clearance angle 10 degree
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Table 5.2. Cutting parameters for the simulation study

Series 1 Series 2 Series 3 Series 4
Objective: effect of feed speed rake angle | frequency
Feed (mm/rev) 0.075-0.300 | 0.19 0.19 0.19
Speed (m/min) 140 60-240 140 140
Rake angle (deg.) 5 5 0-10 5
Frequency (Hz) 120 120 120 60-300
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6

MISALIGNMENT ASSURANCE

As suggested in chapters 1 and 2, the relative position and motion between the tool
and workpiece may affect both the steady-state and dynamic cutting forces dramatically. So
that it become difficult to distinguish between the cutting signature due to the dynamic
response of the cutting process and that due to the noise originating from the inaccuracy in
the position of the workpiece relative to the cutting tool. Nevertheless, the accuracy of the
workpiece rotation has never been a factor in cutting force studies. A great scatter in the
reported results on the cutting force measurements may be partially explained by the
mentioned inaccuracy. This becomes particularly important if a new model of chip formation
has to be verified by experiments and, in doing so, the results of predicted and measured
cutting forces have to be compared.

Since in the present study the experiments on the cutting force determination have

been carried out using deep-hole machining and their results were compared with
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experiments, the discussed problem becomes even more significant because in deep-hole
machining the problem of the relative location of the workpiece and the tool can be solved
only by proper setting of the machine component.

In deep-hole machining, the relative location of the tool and the workpiece is defined
by the relative location of the axes of rotation of the tool, workpiece and starting bush as
shown in Figure 6.1.

The problem may become so severe such that many researches, analyzing the signal
from the force dynamometer in deep-hole machining, concluded that the cutting force and the
process itself have stochastic nature (Osman and Chandrashekhar, 1984). Such a conclusion
has no physical justifications since there is no randomly changing components in the
machining system. The property of the tool (its geometry and tool material) does not change
significantly during the process, the machining regime is maintained with reasonable
accuracy, the mechanical properties of the workpiece may change no more then 2-3%.
Therefore, this simple consideration shows that the noisy signal may give false impression
not only about the magnitude of the cutting force but also about its frequency composition and
even its nature.

This chapter presents the proposed methodology and the specially designed setup for
misalignment assurance. The chapter begins with a general description of the various
components of the deep hole drilling machine which have been used in the designed setup.
Then, the principal elements of this setup and overall configuration of the measuring system

have been detailed of. Next, a newly-developed calibration procedure is presented.
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Figure 6.1: Misalignment between the axis of rotation of spindle nose and the

axis of starting bush.
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6.1 THE DEEP HOLE DRILLING MACHINE

The machine used in this investigation is 30HP Schaerer HPD 631 lathe retrofitted
for deep-hole drilling as shown in Figure 6.2. To obtain variable feed drive and speed control,
the drive unit motor was replaced with 15 KW variable speed AC motor and the feed motor
was replaced with 5 KW variable speed AC motor. The motors are individually controlled
by AC invertors. The AC invertors are designed to provide required Volts/Hertz ratio,
allowing the AC motors to run at their optimum efficiency. The control section of the AC
inventors consists of a control board with a 16-bit microprocessor and keypad interface with
an 8-bit microprocessor.

The following is a description for main components of the deep-hole machine used
in the experiments.
(A) Cutting Tool Drive Unit: The drive unit consists of two variable speed motors that
controls the feed and the rotating speed of the boring bar-tool assembly. The primary
rotational motion is applied to the boring bar and the feed motion is applied to the the drive
unit sliding along the ways of the machine bed. The boring bar-tool assembly is clamped
onto the drive unit spindle. The spindle is mounted on high-precision bearings to minimize
its runout and end play.
(B ) Pressure Head : The pressure head is used to provide :
> Cutting fluid supply to the drill
> Initial support to the tool by means of the starting bush mounted in the pressure head
> Support and centering for the workpiece by means of a chamfered reception plate

installed on high-precision bearings mounted in the pressure head.
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Figure 6.2: Deep-hole drilling machine.
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The pressure head can be moved along the machine bed to accommodate workpieces of
different lengths. The motion of the pressure head is provided by means of a split nut and
lead screw connected to the feed drive. During machining the pressure head is locked at its
position ensuring that no leakage occurs at the workpiece-pressure-head reception plate
interface.

(C ) Workpiece Drive Unit: The machine is designed with possibility to rotate the workpiece.

However, in the designed setup, the rotation tool-stationary workpiece scheme has been used.

6.2 MISALIGNMENT MEASUREMENT SETUP

The schematic arrangement of the experimental setup on the deep-hole machine is
shown in Figure 6.3. A photograph of the experimental setup is shown in Figure 6.4. A laser-
based measurement system has been developed to measure the misalignment between the
axis of rotation of spindle nose and the axis of starting bush of the deep hole machine. A
reference laser beam has been generated by a laser tube, which is held the chuck of the
machine using a special case. The laser beam is captured by a photo sensor camera having
a capture video card. The output images are sent to image precessing software capable to
track the laser beam position by processing these images. The output from the image
processing software represent the position of the centroid of the laser beam on the photo
sensor in a certain position along the axis of rotation of the machine. The misalignments have
been calculated by comparing the average centroid of the of the images which have been
captured when the photo sensor camera and starting bush axes coincide and when the camera

and nose spindle axis coincide (Figure 6.5). To align the machine, these centroid must be
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Figure 6.3: The schematic arrangement of the experimental setup.
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Figure 6.4: A photograph of the experimental setup for misalignment
measurement.
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Figure 6.5: The principle of the misalignment measurements.
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brought to coincide with the zero reference point. The zero reference point was established

on the axis of the cylindrical camera housing within a reasonable tolerance (0.5 micrometer).

A special accessory has been designed to hold the photo sensor camera in different position

along the axis of rotation of the machine. To study the effect of misalignment, the starting

bush was intentionally misaligned by moving the pressure head over the carriage using the

lead screw of the cross slide.
The principal elements of this setup (Figure 6.6 ) are as follow:

1. Laser (LTT4H Adjustable Alignment Tool, Emerging Technologies Inc., Laseraim
tool division, Little Rock, AR, USA) : This laser project a laser beam visible as a
“dot” of laser light on distant surfaces. The laser beam is projected in perfectly
straight line from the laser referred as the tool. This beam is used as a straight
reference line over the entire length of the beam. The tool have adjustable focus
feature which allows to control the laser dot size on a surface located perpendicular
to the beam (referred to as the screen). This adjustment allows the use of the smallest
possible dot size at specific distance thus facilitates more accurate measurements.
Since the focus adjustment is also linear, a change in the focus will not affect the
units X and Y alignment. In practical terms it means that the smallest possible dot
size may be used at a close distance from the tool and then, when the screen in
placed further, the tool may be re-focused again to the smallest possible dot keeping
the centroid of these two dots on the same plane.

2. A photo-sensor digital camera Pulinx TM7 has been used as the screen. This camera
contains high resolution interline transfer %~ CCD (charge-coupled device). The
camera was requested from the manufacturer to be of super mini size that allows it
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Figure 6.6: Photograph of the principal elements of misalignment
setup.
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accurate and convenient mounting within the setup.

3. A special case to hold the laser in the chuck as depicted in Figure 6.7.

4. A special case to mount the camera in different positions along the machine bad.
This case , as shown in Figure 6.8, was precisely manufactured to achieve: a) to
match the cone in the starting bushing liner, b) to match the diameter of the camera,
and c) to match the outer diameter of the spindle nose. Figure 6.9 shows a picture of
these accessories.

5. Video capture card : This card is a single-slot, accelerated, 24 bit-per-pixel, true-
color, designed to capture and display high quality video images. The card provides
the complete set of camera control function required for capturing high quality
images. The card is also supported with a fully comprehensive software that allows
fully exploitation of the hardware architecture. Captured images are saved as BMP
or TIFF files.

6. Image processing software (Matrox Inspector, Version 2.0) : The images captured by
the camera were precessed to find the centroid of the images. This centroid represent
the center of rotation of the boring bar. A typical example of the captured images and

the processed images along with the results of the processing is shown in Figure 6.10.

6.3 CALIBRATION OF THE SYSTEM

To ensure the repeatability and reproducibility of the proposed technique, a special
care has been paid to the calibration of the proposed system.

The first step in the calibration procedure is to align the laser beam to be parallel with
the case of the laser. This provides a laser beam parallel to the laser case at any distance and
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Figure 6.8: Accessory to mount the camera in different positions.
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Figure 6.9: A photograph of the accessory for mounting the camera in
different positions
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Figure 6.10: An example of the captured image, and the results of the
image processing.
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can be used as a reference over the entire length of the beam. To align the laser, a V-block

has been used. The following nine-steps procedure has been developed and recommended:

1.

2.

Project the laser beam onto a screen placed approximately 20 meters away.

Rotate the case until the switch is in the straight up 12 o’clock position.

Mark the exact center of the laser dots over the distant surface.

Rotate the tool 180 degrees so that the switch is straight down in the 6 o’clock
position.

Mark the exact center of the laser dots again.

Draw a line connecting the marks.

Measure the length of the line and mark the center point between the two marks.
Adjust the tool using the X and Y micrometer heads until the center of the laser dot
covers the center point between the two marks.

Check the result by rotating the tool on V-block. The projected dot image should turn
on itself. The center of the dot should remain in the same position. If the center of the
dot moves or the dot draws a circular pattern when rotated, the alignment
procedures should be repeated again until center of the dot remains in a constant
position when the tool is rolled.

The second step is to check that the tool coincides with the axis of the chuck. To do

this, the following steps have to be executed:

1.

2.

3.

4.

Hold the laser case in the chuck of the machine.
Focus the beam on the screen to shoot the smallest possible dot.
Rotate the chuck by hand.

Mark the circle produced by the dot.
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5. Find the center of this circle.

6. Adjust the laser using the X and Y micrometer heads and bring the dot to the center
of the circle until the dot does not move when rotating the chuck and the projected
dot image turns on itself.

The third step is to calibrate the laser-camera-image processor system. To do this,

a coordinate device has been designed as shown in Figs. 6.11 and 6.12. The setup of the

calibration is shown in Figure 6.13 and pictured in Figure 6.14. The camera has been

mounted on the coordinate device and was displaced in the X- and Y- directions by the
micrometer heads. The images produced by the laser beam have been captured and processed
by the image processing. The results of the image processing have been compared with the
actual displacements of the coordinate device. Figures 6.15 shows the calibration curves for
the system. It can be seen that an excellent agreement between the actual and the measured

value was achieved.
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Figure 6.14: Photograph of the calibration setup.
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7

CUTTING FORCE MEASUREMENTS AND
RESPONSE OF THE DYNAMIC CUTTING
PROCESS

As pointed out in Chapters 1 and 2, experimental verifications are required to
validate the proposed models in terms of the steady-state, dynamic cutting forces and the
dynamic response of the cutting process. In doing so, four types of experiments included
cutting force measurements have been carried out:

1. Investigation the effect of misalignment on the steady-state and dynamic cutting force

and torque.
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2. Measuring the steady-state cutting force for three different materials using two types
of cutting tools under different cutting regimes.

3. Measuring the dynamic cutting force for wave removing process.

4. Investigation and monitoring of the dynamic response of the chip formation by
measuring the cutting force and torque signatures.
This chapter presents full descriptions for the materials, cutting tools, workpiece,

equipments , experimental setups , calibrations and analysis procedures used to perform the

required experiments.

7.1 WORKPIECE MATERIALS
Four types of workpiece material, representing four major groups of materials used
in industry, were selected to the study:
1. AISI 1025 HR ASTM AS576 RD.
2. AISI 1045 HR ASTM AS76 RD.
3. AIST 4340 HR ANN RD ASTM 322 91.
4, AISI 303 ANN CF RD ASTM AS582 93.
Tables7.1,7.2,7.3 and 7.4 show the chemical compositions of the selected materials.
The composition, and the element limits for these materials had been chosen according to

the requirements of standard ANSI/ASME B94.55M-1985 and were requested from the steel

dealer.
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Table 7.1: Description of AISI 1025 STEEL.

Description : 1025 HR

Specification: ASTM A576
CHEMICAL ANALYSIS

Table 7.2: Description of AISI 1045 STEEL.

Description : 1045 HR A576 RD

Specification: ASTM A576
CHEMICAL ANALYSIS

033 | 0007 ] 0019 | 029 [ 014 | 003 | 003 [ o2s |

147



Table 7.3: Description of AISI 4340 STEEL.

Description : 4340 HR ANN RD

Specification: ASTM A32291
CHEMICAL ANALYSIS

| 009 | 0024 | L0007 | o013 | 072 | 182 | 0.003 | 0.001_

Table 7.4: Description of AISI 303 STEEL.

Description : 303 ANN CF RD

Specification: ASTM AS582 93
CHEMICAL ANALYSIS
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7.2 WORKPIECE TYPES
Three types of workpiece specimens were used :

1. Test specimens of 37.5 mm diameter and of 600 mm length. These specimens were
welded with flanges which, in turn, were clamped to the dynamometer. Six samples
from AISA 1045, AISA 4340 and AISA 303 materials were prepared (Figure 7.1).

2. Test samples of 37.5 mm diameter and of 600 mm length made from AISI 1025 steel.
These samples were welded with flanges which in turns were clamped to the
dynamometer. The outer surface of these workpieces has been waved using CNC

machine to obtain sinusoidal wave of 0.05 mm amplitude.

7.3 CUTTING TOOLS

Two types of machining process have been used in the experiments, namely, turning
and deep-hole drilling. Consequently, two different types of cutting tools have been utilized:
(A) Cutting Tools for the Turning Process : A special tool holder and indexable carbide
inserts were used. The inserts were grinded with different rake angles. Tool material was
carbide C-6. The inserts used were ground with a zero nominal cutting edge radius which
were controlled using a computer-controlled optical corpofator ( Mitutoy PH 350). The
actual radius did not exceed values of 0.015 mm.
(B) Cutting Tools for Deep-Hole Drilling Process : Two commonly tools have been used
in this process, single cutting edge BTAH (American Heller design) and partioned cutting
edge BTAS (Sandvik design) drills as shown in Figures 7.2 and 7.3 respectively. Figure

7.4 pictured these cutting tools.
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Figure 7.2: BTAH tools of single cutting edge (American Heller design).
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7.4 CUTTING FORCES MEASUREMENT SETUP
The setup for measuring the static and dynamic cutting forces consists of the
following sub-systems as shown in Figures 7.5 and 7.6 and pictured in Figure 7.7 :

1. Deep-hole drilling machine (described in the previous chapter).

2. Dynamometer : The dynamometer shown in Figure 7.8 (pictured in Figure 7.9) has
been designed to insert a 2-component load washer, Kistler Type 9065 according to
the standard specified by the supplier (Kistler) (Figure 7.10). As recommended, the
load washer was pre-loaded to 120 KN to measure the cutting force over a range
from -20 to +20 KN and the cutting torque over a range from -200 to +200 Nm.
Table 7.5 presents the technical data of the load washer used in the experiments..

3. Charge preamplifiers: Two charge preamplifiers ( Kistler model 5004) have been
used to convert the output of the load washer into voltage and feed it to the FFT
analyzer.

4, Dual-channel Fast Fourier Transformation (FFT) spectrum analyzer (B&K Analyzer
Type 2032) : The data acquisition was performed by means of the FFT Spectrum
Analyzer using functions in both time and frequency domain. Figure 7.11 shows the
main functions of this analyzer. The FFT unit is provided with low-pass filters
which cut off at 25600 Hz, (the antialiasing filters), and with additional filters which
cut off at 6400 Hz. During the measurements, both sets of filters have been used at
frequencies below 6400 Hz, since this give extra dynamic range, and avoid effects
due to the transducer resonances.

5. User interface between the FFT and PC to control the measurements.
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Figure 7.7: A photograph of the set up for measuring the steady-state
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Figure 7.9: A photograph of the dynamometer.
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Kistler 9065 load washer.

Figure 7.10
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Table 7.5: Kistler 9065 technical data

Range F, +20kN
Range M, +200 N.m
Sensitivity F, . -1.8 pC/N
Sensitivity M, -1.6 pC/N.cm
Crosstalk F-M, +0.02 N.cm/N
Crosstalk M,~F, +0.01 N/N.cm
Natural Frequency 40kHz

7.5 MAIN FUNCTIONS OF FFT
This section presents a brief description of the main FFT functions which were used
in the current study to calibrate the experiment setups and to perform the system and signals

analyses.

(A) Frequency Response Functions

The main objective of system analysis is to investigate the input-output relationships.
A dual-channel Fast Fourier Transform FFT analysis of the input and output of a system
permits the calculation of functions which describe its dynamic behavior. These functions,
which are the Impulse Response Function IRF, A(t), and the Frequency Response Function
FRF, H(f), are related via the Fourier transform and contain the same information about the
system in two different formats referred as time domain and frequency domain. If the system
input signal is A(?) and output signal is B(t) then the Fourier transform of A(¢) and B(?) are

designated as A(f) and B(f), respectively. In the frequency domain there is a simple
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relationship between the input and output given by:
B(f) = HP - A() (7.1
from which it is easy to derive the FRF, H(f).

A dual-channel measurement can be considered to be a simultaneous measurement
of the cross-spectrum between the signals in the two channels, and of the autospectrum of
each of the two channels. All other functions such as FRF and coherence are derived from
these three spectra (Randall, 1987 ).

B) Autospec . nd Cross-spectra

The autospectrum G, ,(f) defined as the mean square of the Fourier spectrum, can be
defined through A(f) as:

G, (N =470 - AN (7.2

In this equation the over line denotes an averaged value and the asterisk a complex
conjugate. The autospectrum is real and positive because of the complex squaring, whereas
the Fourier spectrum is complex. Expressed in different terms, one could say that the
autospectrum has zero phase. The cross-spectrum is defined in a similar way (Randall,
1987).

GsN=A"® - Bf) (7.3)

G,;(f) is complex and thus contains a phase, which is the phase between the output and the

input of the system under test. This can be verified as follows. Since the input signal may
be represented as

A = |A(D]| - O (7.4

and output signal as
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B = |B()| - e (7.5)
i.e. they are the two complex Fourier spectra in the polar coordinates.

The complex conjugate of the input is:

Ax(f) = |AP)| - e ™0 (7.6)

Thus the cross-spectrum is calculated as:

G0N = |A(D)| .| B()| & OO a.n

where the phase of the cross-spectrum:

Qi) =050 -0, (7.8)

is the phase difference between the output and the input of the system.

Rearranging Equation (7.1), the FRF is defined as:

_BH
20 (7.9)

Since the dual-channel FFT analyzer produces three fundamental spectra, G,,(f), Gg5(f) and
G.5(P), these spectra must be used for the calculations. As an example, multiply both the
numerator and the denominator by the complex conjugate of A(f) and then average both of
them:

7 G
Aap=-20 B0 s _p (7.10)
AD AP Cum
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This produces the H, estimator.

Similarly,
G
H(fy=2> (7.11)
BA
and
< O HH=-=2 = 7.12

H,, H, and H, represent three methods of presenting the FRF. It can be seen from the
formulae that H, is the best estimator when there is an output noise preblem since Gy, is not
used in the calculation. In similar way H, is preferable if there is an input noise. H; isa
compromise between H, , and H, estimators.

(C) Coherence Function

Consider two signals A(f) and B(7). Their coherence function is defined as

G POP  H(

= 0 1 13
RGO @.13)

79-

where G,(f), G(f) are the respective autospectra of A(f) and B(f), and G,x(f) is the cross-

spectrum between A(f) and B(?). It follows that:

1. If A(?) and B(7) are completely uncorrelated so that G,;(f)=0 for all the frequency f,
then the coherence function y(f)=0 for all f.

2. If A(7) and B(z) are completely correlated, then the coherence function y2(f)=1 for all
r

3. Otherwise, 0<y*(f)<1 for all f. In actual practice, the coherence function is greater
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than but less than unity as one or more of the following main conditions exist
(Bendat and Piersol, 1980):

a. the output B(7) is due to other inputs besides A(?) for an A(z) input-B(¢) output

system;
b. extraneous noise is present in the measurements;
c. resolution bias errors are present in the spectral estimation;

d. the system relating B(z) and A(?) is nonlinear.
Low coherence function express the degree of linear relationship between A(f) and

B(f). Low coherence can be due to either difficult or bad measurements.

7.6 CALIBRATION

To check and validate the measurements, the setup was calibrated statically and
dynamically:
(A) Static Calibration: The objective of the static calibration is to establish a relation
between the measured and the actual values of the forces to be measured, a static calibration
has been performed. In spite of the fact that the piezoelectric transducers are generally used
to sense dynamic quantities, the static calibration is possible because of the high insulation
resistance of the load washer, and because of the high input impedance provided by the
charge amplifier. Thus, for any value of the load, less than the maximum value, in both the
axial and torque direction, the time duration of the signal is sufficiently large enough to
permit the reading on a digital voltmeter. The static calibration of the dynamometer has been

carried out by applying various loads of known magnitudes, measuring the output of the
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dynamometer, and establishing a graphical relation between the measured quantities and the
applied forces. In calibration of the dynamometer along the axial direction, aknown load was
applied using a vertical loading machine (Figure 7.12). During the measurement, the charge
preamplifiers were set to "long”, so that the time constant of the system becomes large, and
the rate of decay of charge during the static measurement is reduced. This minimizes
considerably the error introduced in static calibration. The load was incrementally increased
from zero to 10 KN and readings were recorded. The output from the torque channel was
also recorded to estimate the cross coupling between the channels. Similar readings were
recorded during the unloading cycle. The static calibration of the dynamometer along the
torque direction has been carried out by applying a pure torque of known value (Figure 7.13).
A bar was attached symmetrically on the chuck. Dead weights were introduced at the free
ends of this bar. So, the resultant torque introduced equals the moment arm times the load.
Similar o the calibration procedure described above, the charge preamplifiers were set to
"long" so that the error introduced in static calibration is aminimum. The load was increased
gradually from zero to about 90 N and the voltage readings were recorded. The output from
the axial force channel was also recorded to estimate the influence of the torque on the axial
force. Similar voltage readings were recorded during an unloading sequence. The static
calibration of the dynamometer enables the determination of a relation between the charge
developed and the magnitude of the axial force and torque. Figure 7.14a shows the results
of the static calibration along the axial direction where figure 7.14b shows the results of the
static calibration along the torque direction.

(B) Dynamic Calibration: A dynamic calibration of the dynamometer-workpiece-machine
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tool system has been carried out to:

1. Avoid measuring the vibration of the tool instead of the force fluctuations.

2. Determine the frequency band, over which the dynamometer can be used for reliable
measurements.

3. Determine the resonant frequencies of the system so as to make sure that the response
of the cutting process is not in the neighborhood of the dynamometer resonant
frequencies.

4. Determine the range of frequencies of the cutting forces which could be measured
accurately without distortion.

A hammer B&K 8203 with a built-in cell has been used to supply an impulse
excitation to machine dynamometer-workpiece system while the FFT has been used to
resolve the signals coming out from the hammer and the load washer. The frequency
response function (FRF), H,(f), of the machine dynamometer-workpiece system was
determined in order to find out the frequency band in which the FRF function remains
constant. This frequency band determines the range of frequencies of the resultant force
system, which can be measured without the introduction of any signal distortion due to the
system nonlinearities. The experiment to determine the frequency response function was
performed with the workpiece fixed to the dynamometer. Figure 7.15a shows that the FRF
(direct correlation) was very close to unity in the frequency range of 0-1100 Hz where
Figure 7.15b that the FRF (cross-correlation) has a constant value of 0.02 in the in the same
range. The FRF determination of the machine dynamometer-workpiece system when the

input force is along the torque direction was carried out using the same experimental set up
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used to perform the static calibration for the torque. A similar calibration procedure, to the
one described previously, was carried out. The results showed that the FRF is unity in the
frequency range of 0-1070 Hz as shown in Figure 7.16a. The cross correlation plots show
that the FRF has a constant value of 0.01 in the frequency range 0-1100 Hz as shown in

Figure 7.16b.

(C) Examining the Validity of the Measurements: The validity of the measurements have

been checked by calculating the coherence function y*(f) for the measured spectrums as
shown in Figs. 7.17a and 7.17b. The coherence gives a measure of the degree of linear
dependence between any two signals over the frequency axis. It is calculated from the two
autospectra and the cross spectrum. As seen from these figures, this function is close to unity

that conform the linear independency of the measurements.

7.7 MEASUREMENTS

To obtain as complete as it is possible information about the dynamics of the machine
tool used in the experiment and its effect on the cutting force measurement, a system and
signal analyses have been accomplished. In these analysis, the Fast Fourier Transform (FFT)
unit has been used to define the system autospectra over a frequency range and facilitate the

interpretation of the results.

7.7.1 System Analysis
A hammer ( B&K 8203 ) with a built-in cell has been used to supply an impulse

excitation to the boring bar mounted on the machine while the accelerometer (KD-2350) has
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been used to measure the response and the FFT has been used to resolve the signals coming
out from the hammer and the accelerometer as shown in Figure 7.18. To perform the system
analysis, the whole chain including both the transducers with allied pre-amplifiers and the
FFT analyzer has been calibrated to ensure the accurate frequency response function (FRF)
measurements. First, the autospectrum of the input channel (hammer) has been obtained to
ensure that the hammer is capable of providing enough energy over the frequency range of
interest. Since the response is a transient function, the autospectrum has been scaled to show
the energy spectral density of the signal (ESD). When equipped with a metal tip, the hammer
has provided a uniform input over a broad frequency range from OHz to 6.4kHz as shown in
Figure 7.19a. Here, a drop of less than 20dB has been allowed complying with the common
recommendation for resonance measurements (Randall, 1987) which is in good agreement
with the obtained results. The whole measurement chain including both transducers with
allied preamplifiers and the FFT analyzer has been calibrated by hammering a known mass
(1.0 kg). By checking on the value of the frequency response function (FRF), the setup has
been calibrated for the correct ratio to ensure the accurate FRF measurements as shown in

Figure 7.19b.

7.7.2 Signal Analysis

A signal analysis would be the logical choice to start the study of the dynamics of the
cutting process because this analysis offers the advantages of actual results since the
measurements are carried out under real operation conditions.

The first step in the analysis is knowing the type of the obtained signal because the
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Figure 7.18: A photograph of the set up for performing the system
analysis.
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type of the signal to be analyzed has an influence on the type of the analysis to be carried out
and also on the choice of the analysis parameters.

However, the most fundamental division of the signals is into stationary and non-
stationary signals (Randall, 1987). Stationary signals are those whose average properties do
not vary with time and are thus independent of the particular sample record used to determine
them. This applies to both deterministic and random signals, but in particular in the later case
it is important to realize that the results obtained from different records are not necessarily
identical. Non-stationary signals are those whose average properties vary with time and are
dependent on the particular sample record. It may be roughly divided into continuous non-
stationary signals and transient signals which may be defined as those which start and finish
at zero. Transient signals are treated and analyzed as a whole, whereas a continuous non-
stationary signal will normally be analyzed in short sections, each of which will often be
quasi-stationary. Figure 7.20 shows two autospectra of the axial cutting force which have
been acquired simultaneously but scaled using two different measures i.e. the root mean
square value of the signal (RMS) and the power spectral density (PSD). The record reveals
the discrete form of the spectra thus confirming that the signal is stationary deterministic as
one would expect from a mechanical system featuring rotating components. The figure
shows that, for the analysis bandwidth sufficiently narrow to separate all individual
components, the use of RMS format is fully justified. The only reason for using the PSD
format as a more complex measure normalizing the “ power " with respect to the analysis
bandwidth could be that, for random signals, the RMS value for each frequency is zero since

an infinite number of frequencies are present and the total power is finite. The obtained
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results is in contradiction with the ones reported by some previous works (Osman et al, 1974;
Chandrashekhar et al, 1984) where it the conclusion about stochastic nature of the cutting
force has been made so that the use of the PSD measure as applicable to the continuous
spectra of random signals was recommended.

Then it was necessary to set many parameters which define the measurement setup:

easureme de

The measurement mode is the most important element in determining how the
measurements are carried out. There are four measurements modes available with the used
analyzers: a) Spectrum averaging mode, b) Spectrum averaging, zero pad mode, ¢) 1/n
Octave spectrum averaging mode and d) Signal enhancement mode. The first mode i.e.
spectrum averaging mode was used in the experiments because this mode is suitable for
signal and system analysis where the others mode have their implementation for other types

of measurements (Randall, 1987).

(B) Spectral Lines
A 800 spectral lines option has been selected to get the best frequency resolution

since there is no large change in signal amplitude or frequency within the signal record

(Bruel & Kajaer, 1992).

(C) Sampling Frequency

The FFT analyzer can not execute the Fourier transformation continuously. It has a
dedicated internal computer that is very fast to perform these calculations, but it must look
at a time block of data. This is the purpose of the sampling zone in the FFT analyzer. The

typical spectrum analyzer takes about 50,000 readings per second, on the input waveform.
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The analyzers measures this fast to overcome a problem of being able to track high frequency
signals. An analyzer that has a frequency range of 0 to 20,000 Hz must measure the voltage
of the input signal as fast as twice of this frequency ( or 40,000 Hz ) to be able to see
changes at 20,000 Hz. This is called the Nyquist criterion (Victor Work, 1991). For the used
setup, the sampling frequency was set to 1600 Hz to see the change in at 800 Hz which is the
range of interest.
veragi, u

This is a number, ranging from 1 to 32767, which determines the number of spectra
that contribute to the average. Choosing this number depends on: a) the desired accuracy;
the greater the accuracy, the higher the required averaging number, b) the amount of the
noise in the measurements and c) the type of signal being analyzed. For stationary signals,
only a few averages are needed to obtain a good estimate. However, averaging of 15 has been
chosen in the experiments setup to increase the accuracy and to get ride of the noise as much
as possible.
(E) Anti-aliasing the Signal Record

Aliasing is a mirror of the high frequency signals into the lower frequency range
where the high frequency signals can form false peaks in the frequency domain. This is a
consequence of the digitizing process. They appear as vertical lines in the frequency domain
of the FFT spectrum analyzer. They are the ghost images of high frequency data that is input
to the analyzer. Aliasing has been overcome by two methods. The first method is measuring
the input data at more than the twice the highest frequency of interest. The second methods

;used in conjunction with the first method, is applying the analyzer built-in low pass filters
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appropriate to each frequency range with cutoff frequency at about 80% of the Nyquist
frequency and displaying the results unaffected by filter. Typically for 2048 points, 800

frequency lines are displayed (or 801where the DC components is included).

(G) Windowing the Data

Windowing the data is the most important parameter that the experimentalist needs
to be aware of. . In the FFT analyzer, the digital sampling takes place during discrete blocks
of time. The FFT analyzer assumes that the signal which exists in that blick of time also
exists for all the time before and after the sampling. This block processing is necessary in
real-time data acquisition. Therefore, it is not possible for the analyzer to wait for an
extended time period to check if the signal is periodic. The Fourier transformation, however,
should make assumption of periodicity to start the acquisition process. In doing so, it can
produce an error called leakage if the signal does not match up at the beginning and end of
the current time block. This leakage is undesirable since it may hide low level signals
causing distortions in the resultant spectrum. To avoid this leakage, the input data is
weighted with a mathematical function that favors the data in the center of the time block and
reduces the data at both ends to zero. There are many useful window function which can be
used such as rectangular, Hanning, hamming,, Kaiser-Bessel, and flat top.

A better choice of window function for stationary signals, as it is the case with the
signal of the cutting force, is one which is equal to zero at each end, and whose amplitude
varies smoothly. An excellent window function which meets these requirements is Hanning

which has been used to process the experiment data (Bendat and Piersol, 1980) .

183



8

METHODOLOGY OF STUDYING THE CHIP
MORPHOLOGY

To put the analysis of any chip formation model on a qualitative and quantitative
basis, certain observations must be made during, and after the cutting (Shaw, 1984). While
the modern experimentalist has many investigation techniques at his disposal, the optical
reflection microscope remains the most effective mean for examining the structures of
workpiece material, deformation zone and chip. In particular, the chips is the only testimony

which reflect the history of the loading, strain and strain rate of the cutting process and since
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any proposed cutting model considers the structure of deformed and partially deformed chip,
a special attention has been paid to the chip morphology to verify the proposed model. With
skill and experience there is always much more to be gained. The recognition of significant
features combined with an appreciation of physical metallurgy provides a powerful basis for
rationalization and diagnosis (Rostoker and Dvorak, 1977).

‘While metallography remains a versatile tool, modern metallurgy makes use of a wide
variety of physical and mechanical properties and radiation interactive measurements in the
definition of states of a metal as polycrystalline. In sober appraisal there is little room for
controversies on the relative merits of various tools. The fact stands out that no tool is self-
sufficient to describe different aspects of the nature of a material. Considered separately,
these aspects may not be adequate but in join appraisal may permit unambiguous
interpretation. It remains, therefore, to identify properly the limitations as well as the
capabilities of the tools of metallurgical study.

Metallography of the chip was first presented by Emst (Emst, 1938). Based on the
results of his metallographic study, Ernst has identified three basic types of chip found in
metal cutting. Although no magnification, sample preparation technique, cutting regime and
workpiece material have been reported, Merchant (1945) considered these results as classical
examples. Merchant did not provide any explanations why these examples do not mach his
own model shown in his classical paper (Merchant, 1945) right after the discussed examples.

Since then, these examples are used in many of the work on metal cutting and in textbooks
(Boothroyd and Knight, 1989).

Trent in his book (1991) presents a great number of microstructure of the formed and
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partially formed chips to support his qualitative description of the metal cutting process.

Unfortunately, they are not related to any particular model of chip formation. As a results,

there is no justification for the magnifications selected, chemical treatment of different

phases used, and deformation mechanisms.

Metallography can be considered as a kind of visual art unless one or more of the

following conditions are justified:

1.

2.

The initial structure of workpiece material should be reported.

The chip structure is considered at the macro- and micro levels to study, depending
on particular phenomenon to be investigated, because each phenomenon can be
observed at a certain magnification and requires different preparation techniques of
the specimen.

The structures of the chip and deformation zone are compared with those predicted
theoretically to verify the theory used in the analysis.

A microhardness survey is performed on the structure to reconstruct the distributions
of stress and strain gained by different regions of the chip and deformation zone at
the last stage of deformation. The obtained results are compared then with those
obtained theoretically.

Unfortunately, the known metallographical studies in metal cutting (Shaw, 1984;

Oxley, 1989; Trent, 1991) only partially meet these conditions. The reported structures have

never been compared with the initial structures of workpiece materials so that it is next to

impossible to distinguish the changes produced by the cutting process. The known studied

on macrohardness of the chip do not account on the grain location in the chip that may result
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in non-adequate results since the microhardeness of the grain boundaries (pearlite) is higher
then that of grains (ferrite). Therefore, these boundaries should be avoided in the
measurements which has to be produced with the aid of a special microscope.

The section concerns itself with techniques of preparation of metallic specimens for
examination. A detailed description of the equipments, devices and procedure of
preparation and testing the specimens are presented. It begins with a description of the quick
stop device which is designed to obtain samples of partially formed chip. This is followed
by the details of the stages for the preparation of the specimens for the metallographic and

microhardness tests. Next, the microhardness procedure is presented.

8.1 QUICK STOP DEVICE

Quick stop devices has became essential tool for any fundamental research of the
mechanics of chip formation (Trent, 1991). The quick stop technique is one in which the
velocity of the tool relative to the workpiece is rapidly brought to zero. This can be
performed by arresting the machining operation by disengaging the tool and workpiece
quickly so that the resulting static situation accurately represents the actual dynamic
situation. Detachment of the tool and the workpiece can be achieved by either accelerating
the workpiece from the tool or by accelerating the tool from the workpiece.

Since the cutting experiinents in the present study have been performed using a deep-
hole machine, a special quick-stop device has been designed. Figures 8.1 shows a systematic
drawing of the designed quick stop device which is pictured in Figures 8.2 and 8.3. Ascan

be seen from these figures, the quick stop body has the following components:
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Figure 8.1: An assembly drawing of the designed quick stop device.
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Figure 8.3:A photograph of the quick stop device in the loading
position.
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A longitudinal hollow cylinder (1) through it the workpiece (2) can slide freely.
A helical piloting slot (3) in the direction of the rotating of the tool head located at
the front end of longitudinal hollow cylinder.
An arm (4) protruding radially from a hole (5) located nearly at the middle of the
workpiece (6) (Figure 8.4). The workpiece and the arm assembly is constrained to
move in a helical direction (axial and radial directions) along the piloting helical slot
with speed exceeding the cutting speed..
A mechanism (6) has a lever arm where the short part of the lever arm is used to
prevent the workpiece and arm assembly moving during the drilling operation by
holding a pin in front of the arm érotruding from the workpiece. The long part of the
lever arm is used to activate the separation of the workpiece and arm assembly along
the helical slot from the tool head. Striking the far end of the long part of lever arm
causes large force sufficient to disengage the workpiece and arm assembly.
Two rectangular slots (7) 90 degree apart from the helical slot.
A rod (8) passing a hole (9) at the rear end of the workpiece and the above
mentioned two slots (7) is held by two high stiffness springs (10) fixed to the base
of the device.
To load the quick stop device, the following steps are taken:

Inserting the rod (8) through the two slots (7) and the hole at the rear end of the
workpiece.
Attaching the springs with ends of the rod (8).

Assembling the arm (4) and the workpiece (2).
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® Pushing the workpiece and the arm assembly using pressing machine to overcome
the springs forces.
° Locking the arm(4) by raising the long part of the lever arm up.

To capture a quick stop device sample at the desirable instant, the device is activated
by hitting down the long part of the lever arm quickly during the drilling operation after the
pads had fully entered the hole such that the workpiece and the arm assembly is rotating in
a helical direction with angular speed more than the angular speed of the boring bar by the
action of the springs force.

An illustrative quick stop samples is shown in Figures 8.4., and 8.5 in which a

partially formed chip can be seen at the bottom of the hole.

8.2 SPECIMEN PREPARATION FOR MICROSCOPY AND MICROHARDNESS
MEASUREMENTS

The preparation steps for microscopy are of great importance, since the true
microstructure may be fully obscured by poor technique or execution. Improperly prepared
samples can lead to misled interpretations. Therefore, a special care have been paid in the
preparation the samples. A standard methods of preparation of metallographic specimens

according to the ASTM E 3-86, ASTM E 340-89 and ASTM E 407-87 have been used.

8.2.1 Samples Selection

The first step in metallographic analysis is to select a sample that represents the

material to be studied. In this study three types of specimens has been investigated:
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Figure 8.4: A phonograph of the workpieces used in the quick stop
device.
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Figure 8.5: lllustrative quick stop samples in which a partially chip can
be seen at the bottom of the hole.
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1. Samples to study the initial structure of workpiece material. Three samples from
each material have been selected from the bulk material at certain distance from the
surface of the workpieces to avoid the influence of primary process (hot rolling) on
the samples’ microstrcture.

2. Samples of the chip. Three samples have been selected randomly from the chips for
each material after the cutting.

3. Samples of partially formed chips as obtained using the quick-stop device.

8.2.2 Sectioning

Sectioning of a metallographic sample must be performed carefully to avoid altering
or destroying the structure of interest. A abrasive cutoff saw has been used to section the
sample that is of interest. To minimize burning and deformation, a lubricant of high flow rate

has been used in the cutoff operations.

8.2.3 Mounting

Mounting facilitates the handling of the specimens especially when it is very small.
Mounting involves placing the specimen in a mold and surrounding it with the appropriate
powders.

Two types of mounting have been used in this study, hot mounting for the initial
structure material and cold mounting for the chip specimens. The hot mounting is easier in
terms of grinding and polishing but it is not good for very small specimen such as the chip

because the pressure and temperature may alter the structure of the tested specimens. Inhot
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mounting, the mold and its content ( specimen and bakelite powder) are heated under
pressure to the thermosetting temperature of the content. Once the powder is cured,
thermosetting mounts is removed and cooled to the ambient temperature. In cold mounting

plastic set at room temperature. Epoxy resins material has been used in this study.

8.2.4 Grinding

Grinding is an important phase of the sample preparation sequence because the
damage introduced by sectioning must be removed at this phase. If sectioning produces an
extensive damage then it cannot re remover by grinding. It is usually better to resection the
material in unaffected area with more gentle cutting method. Special care was taken to
minimize mechanical surface damage especially in this study where it is important to
preserve the surface without any alteration.

Grinding is generally performed by the abrasion of the specimens surface against
water-lubricated abrasive wheels. The specimens have been subjecting to mechanical
grinding beginning with 120-grits papers and proceeding to 240, 320, 400, 600, 800 grit SiC
papers. Scratches and damage to the specimen surface from each grit must be removed by
the next finer grinding step. A distilled water has been used to clean the specimens before

it is subjected to the next grit.

8.2.5 Polishing
The surface damage remaining on the specimen after grinding must be removed by

polishing. Polishing of the metallographic specimen generally involves rough polishing and
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fine polishing. The rough polishing has been performed using a kitten ear cloth witk 6 pm
and 1 pm diamond paste with lubricating oil while the fine polishing has been performed
with 0.3 pm and then 0.05 pum alumina (a-Al,0;) with distilled water. Between any two
stages, the specimens has been tested on the optical microscope to check if the scratches

were removed.

8.2.6 Etching

Etching includes the process used to reveal the micostructure of a metal. Because
many microstrucural details are not observable on an as-polished specimen, the specimens
surface must be treated to reveal such structural features as grains, grain boundaries, slip
lines and phase boundaries. To obtain a sharply delineated contrasty conditions, a special
attention has been paid during the polishing stage such that these surfaces were free from
any artifact. Following, the samples have been cleaned throughly, and subjected to a carefully
controlled etching process using the appropriate etchants (Table 8.1). After this stage the

samples were ready for metallographic and microhardness tests.

Table 8.1. The Etchants for the used materials.

AISI 1045 10 mL Nital, 90 ml alcohol

AISI 303 40 mL hydrofluoric (HF), 20 mL Nitric acid (HNO,), 40
mL glecren

AISI 4340 10 mL Nital, 90 mL alcohol
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8.3 MICROHARDNESS MEASUREMENTS

It is known that the microhardness of the deformed material is related with the
preceding deformation and with the shear stress gained by the specimen under consideration
at the final stage of its deformation. This makes it possible to know the distribution of
deformation on the basis of microhardness measurements. The flow shear stress is related
with microhardness as (Astakhov, 1998; Nakayama and Tamra, 1964)

HV=52r, 8.1)
where HV is the hardness (Vickeres) and e is the strain.

A microhardness survey of the formed chips was undertaken to map out different
zones through the chip section. The microhamness tests have been carried out according to
the ASTM E384-84 standard. In this study, a Leco M-400-G2 microhardness tester has been
used. This tester supports the mounting specimens and permits the indenter and the
specimen to be brought into contact gradually and smoothly under a predetermined load. This
tester has a feature such that no rocking or lateral movement of the indenter or specimen is
permitted while the load is being applied or removed. A measuring microscope is mounted
on the tester in such a manner that the indentation may be readily located in the field of view.

The following steps have been made to do the microhardness tests:

1. Verification of the microhardness tester by making a series of indentations on
standardized hardness test blocks.

2. Preparation of the specimens as mentioned above.

3. Supporting the specimens so that the test surface is normal to the axis of the indenter.

4. Selecting the correct objective by adjusting the optical equipment.
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Deciding on the test parameters where the test load is fixed by means of two dials
towards the top right of the machine and the loading speed is set in conjunction with
the test load to give the largest measurable indentation. A 25 g load was selected so
that tests could be taken very close to the edges.

Using a highly polished , pointed and square-based pyramidal diamond with face
angles of 136 to indent the specimen.

Measuring the diagonals of the indentation by a micrometer screw.

Reading the microhardness value from the hardness display.
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9

RESULTS AND DISCUSSION

This chapter presents the major results obtained in the experimental part of the study.
The experiments have been curried out to confo@ the developed theory of metal cutting and
to understand the relationship between modeled and real cutting conditions. The
experimental methodologies are discussed in details in Chapters 6, 7 and 8.

In the view of the discussion presented in the previous chapter, the output has been

chosen to cover:

1. The influence of misalignment on the cutting process (the steady-state and dynamic
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cutting forces).

2. Comparison between the measured and the predicted steady state cutting forces
under nearly perfect alignment conditions.

3. Comparison of the results of the simulation study of proposed dynamic model for

wave removing process with those predicted by the proposed model.

4, Frequency autospectra for the axial cutting forces and the cutting torque for different
cutting conditions.
5. Dynamic system signatures for different cutting conditions.

6. Results of the study of chip morphology for the fully and partially formed chips.

9.1 MISALIGNMENT EFFECT

Tables 9.1 and 9.2 together with Figures 9.1 through 9.3 quantify the effect of
misalignment on the steady-state axial cutting force and cutting torque for different cutting
regimes. As seen from these tables and figures, the misalignment affects the results
dramatically where an increase in the steady-state axial cutting force and cutting torque can
be noted as the misalignment increases. In particular, the cutting axial cutting force and
cutting torque increase with increasing the cutting feed much more significant than that with
the cutting speed.

Using the obtained experimental results, we have arrived to the following

conclusions:
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Table 9.1. Effect of misalignment on the measured axial cutting forces.

Cautting tool: Single cutting edge BTAS drill 1** (25.4 mm) diameter. Material: AISI 303

Rotational Cutting
Measured axial cutting force (N) for misalignment of
spindle Speed speed Feed
(rpm) (m/min) (mm/rev) | 15um 205pm 422um 856pm
0.08 2020.5 2306.5 2702.7 31004
626 50 0.12 3056.4 32006 3456.8 38902
0.16 3907.5 4106.9 4389.3 46209

0.08 1950.6 2356.9 2760.9 3178.9

939 75 0.12 3002.5 3245.1 3506.9 39109
0.16 3811.4 4165.2 4487.4 4710.6
0.08 1900.4 2400.6 2810.3 32069
1253 100 0.12 29834 3290.2 3610.7 3967.9
0.16 37784 4208.7 4520.8 4804.8
Table 9.2. Effect of misalignment on the measured cutting torque.
Cutting tool: Single cutting edge BTAS drill 1" (25.4 mm) diameter. Material: AISI 303
Rotational Cutting
Measured cutting torque (N.m) for misalignment of
spindle Speed speed Feed
(rpm) (m/min) (mm/rev) 15um 205um 422um 856um
0.08 19.49 21.23 24.47 28.83
626 50 0.12 3043 32.84 3423 3872
0.16 38.69 41.57 4344 4591
0.08 20.01 21.82 24.54 2895
939 75 0.12 30.42 33.13 35.19 38.94
0.16 3745 41.83 4428 46.92
W
0.08 1952 22.12 24.83 29.34
1253 100 0.12 29.78 3345 3598 39.56
0.16 3832 42.95 45.43 47.67
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A significant scatter in the reported experimental results on the steady-state cutting
force measurements in deep-hole machining. (Griffith,1982; Griffith,1978,
Chandarcheckar,1984; Sakuma et al ,1980a; Sakuma et al, 1980b; Sakuma et al,
1981) is readily explained with the obtained results as follows. Since in the known
studies, the misalignment has never been reported thus controlled, these are obtained
under different misalignment of the deep-hole machines. For this reason, therefore,
the results reported by different researches cannot be compared with each other
or/and be used to verify any proposed theory.

The reported experimental results cannot be used to design the deep-hole process as
the whole. Deep-hole machining combines two machining processes namely drilling
and burnishing and forces generated in drilling are used to complete burnishing. As
shown by Astakhov (1994), burnishing process defines the quality of the machined
surface in terms of its roughness, roundness, residual stresses, etc. It is also known
that this process is relatively sensitive to the burnishing force applied. For a given
drill design, the ration ‘cutting force-burnishing force’ is constant and, therefore, a
change in the cutting force directly affects the corresponding change in the
burnishing force. This simple consideration explains a significant scatter in the
reported results on quality in the machining surface in deep hole machining. This
also explains a relatively poor reproductivity of the deep-hole machining results since
the same tools are used in the machines having different misalignments that causes

the scatter.
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Figures 9.4 through 9.27 show the frequency autospectra of the axial dynamic cutting
force and dynamic cutting torque for different cutting regimes under different misalignments.
The misalignment shows up as a series of harmonics associated with the running speed.

Comparing the autospectra of the axial cutting force under different misalignments
for the same cutting feed and spindle rotational speed show that the misalignment introduce
a series of different amplitude harmonics at frequencies associated with the multiple of the
running speed (2X, 4X, 6X etc, X is the frequency corresponding of the running speed). For
example at yunning speed of 654 rpm, the misalignment show up at 22Hz, 44Hz, 66Hz,
66Hz, 88Hz etc.

In the case of the cutting torque, the misalignments also show up as a series of
different amplitude harmonics but at frequencies associated with an odd number of the
running speed (3X,5X, 7X, 9X etc, X is the frequency corresponding of the running speed).
For example at running speed of 654 rpm, the misalignment show up at 33Hz, 55Hz, 66Hz,
99Hz, etc.

Comparing the autospectra of the axial cutting force and cutting torque under
different misalignment for the same cutting feed and spindle rotational speed show that the
amplitudes of the different harmonics increase as the misalignment increases.

Also, it can be noted that in the case of the axial cutting forces, the dominant
amplitude is associated with the second harmonic (2X) of the operating speed where the
amplitudes of the spikes which are observed at the forth, sixth, etc harmonic are seen to
progressively lowered. In the case of torque, the dominant amplitude is associated with the

third harmonic of the operating speed. This spike which was observed at the third harmonic
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was also seen at fifth, seventh, etc. though the amplitude was seen to progressively reduced.
The following important conclusions follow from the obtained results:

1. The deep-hole machining system has very distinctive dynamic signatures under
different misalignments. As seen from the results, if the deep-hole machining system
is aligned, it much more stable dynamically. In practical terms it means the
following. First of all, there is no chance for lobbing as hole defects (considered as
an inherent feature of deep-hole machining ( Sakuma et al ,1980a; Sakuma et al,
1980b; Sakuma et al, 1981) to occur. Moreover, there would be no spiraling
(Gessesse, 1990) to be observed since spiraling is caused by dynamic system
instability. Unfortunately, in the known studies of these common defects, the
misalignment has never been considered.

2. The misalignment change the autospectra in a such manner that it becomes difficult
to distinguish between the spectra that reflects the cutting process contribution and
the spectra that come from other sources. This produces the signal from the force
transducers with high noise. This explains why the known studies (Chandrachaker,
1984) concluded that the cutting force in deep-hole machining has random nature.
High-noisy signal used in these studies to judge the nature of the cutting force

resulted in such a conclusion.
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9.2 STEADY- STATE AXIAL CUTTING FORCE AND CUTTING TORQUE

Tables 9.3 through 9.8. show a comparison between the measured and the predicted
steady-state axial cutting force and cutting torque for two cutting tools (American Heller
design (BTAH) and Sandvic design (BTAS)) and three different materials (AISI 1045, AISI
303 and AISI 4340) under different cutting regimes. These tables reveal fairly good
agreement between the experimental and predicted values. Also, these tables shows that
always the experimental values are little more than the predicted ones. The explanation may
be that the oil whirling augment the steady state axial cutting force and torque.

Figures 9.28 through 9.36 show the variations of the cutting forces (axial, radial and
tangential ) and cutting torque with feed for each cutting tool and material under different
cﬁtting speed. Also, these figures reveal the experimental results for the axial cutting force
and cutting torque.

Table 9.3. Steady-state cutting forces ( BTAH drill 1" diameter, AISI 1045).

Rotational

Axial cutting force ( N) Cutting torque ( N.m)
spindle Speed |  speed Feed
(rpm) (m/min) (mm/rev) | Measured Calculated | aror % Measured Calculated error %
0.08 3003.2 25889 13.8 2132 18.52 105
626 50 0.12 43975 38379 12.7 30.36 27.65 87
0.16 5523.9 5067.8 8.2 42.04 36.74 12.5
0.08 2776.0 2558.6 7.8 20.53 18.10 11.7
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Table 9.4. Steady-state cutting forces (BTAS drill 1"'diameter, AISI 1045).

Rotational Cutting
Axial cutting force (N) Cutting torque ( N.m)
spindle Speed speed Feed

(rpm) (m/min) (mm/rev) | Measured | Calculated | error % Measured Calenlated error %

0.08 2661.3 22942 13.8 24.62 20.92 15.0

626 50 0.12 38002 33939 10.7 35.81 31.20 12.8

0.16 4790.7 4472.8 6.6 44.74 41.42 7.3

0.08 25455 2266.2 11.0 23.93 20.64 13.6

939 75 0.12 3608.8 33438 73 35.87 30.61 14.5

0.16 4732.7 4398.2 7.1 45.78 41.02 10.2

0.08 2537.6 2240.7 11.7 24.31 20.36 162

1253 100 0.12 3700.8 3298.8 109 33.86 3038 10.1

0.16 4905.8 4488.7 8.5 44.28 40.23 9.0

Table 9.5. Steady-state cutting forces ( BTAH drill 1'' diameter, AISI 303).

Rotational Cutting
Axial cutting force ( N) Cutting torque ( N.m)
spindle Speed speed Feed

(rpm) (m/min) ( mm/rev) Measured | Calculated | error% Measured Calculated error%

0.08 23343 2094.8 103 17.82 15.71 11.7

626 50 0.12 35024 3089.2 11.8 27.03 2343 132

0.16 4367.4 4061.2 7.0 35.64 31.09 12.7

0.08 2406.4 2063.8 142 17.95 15.62 12.8

939 75 C.12 32905 30344 7.8 27.36 23.20 16.5

0.16 43673 39794 8.9 33.77 30.87 8.4

0.08 2408.1 20354 15.5 18.92 1555 17.7

1253 100 0.12 33113 2984.5 9.9 27.57 23.15 15.8

0.16 4402.8 4013.7 8.8 36.19 3117 13.7
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Table 9.6. Steady-state cutting forces (BTAS drill 1" diameter, AISI 303).

Rotational Cutting
Axial cutting force ( N) Cutting torque ( N.m)
spindle Speed speed Feed
(rpm) (m/min) ( mm/rev) Measured Calculated | error % Measured Calculated emror %

0.08 2020.5 1841.1 89 19.49 17.72 9.1
626 50 0.12 3056.4 2707.1 114 30.43 26.40 13.2

0.16 3907.5 3549.9 9.2 38.69 35.04 9.4

0.08 1950.6 1809.2 72 20.01 17.60 120

939 75 0.12 30025 2650.6 1.7 3042 26.25 13.7

0.16 3811.4 3465.3 9.1 3745 34.80 7.1
0.08 1900.4 1779.3 6.4 19.52 17.53 10.2
1253 100 0.12 29834 2598.4 129 29.78 26.09 124
0.16 37784 3509.2 1.1 38.32 35.10 8.4

Table 9.7. Steady-state cutting forces drill 1" diameter, AISI 4340).
Rotational Cutting
Axial cutting force ( N) Cutting torque ( N.m)
spindle Speed speed Feed
(rpm) (m/min) ( mm/rev) Measured Calculated | emmor%® Measured Calculated error%

0.08 2520.5 23157 8.1 18.34 16.35 10.9

626 50 0.12 39104 34194 12.6 26.78 24.39 8.9

0.16 48033 4500.3 6.3 35.1 32.36 7.8

0.08 2603.2 2284.3 123 18.21 16.27 10.7

939 5 0.12 36782 3363.3 8.6 265 2420 8.7

‘ : 0.16 4809.1 4416.7 8.2 34.78 32.10 1.7

e

0.08 25783 2255.1 125 1845 16.18 12.3

1253 100 0.12 36782 33124 9.9 26.78 24.10 10.0
0.16 4890.2 4466 4 8.7 34.67 3236 6.7
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Table 9.8. Steady-state cutting forces ( BTAS drill 1''diameter, AISI 4340).

Rotational Cutting
Axial cutting force (N) Cutting torque ( N.m)
spindle Speed | speed Feed
(rpm) (1m/min) (mm/rev) | Measured | Calculated | ermor® Measured Calculated error%
0.08 22456 2056.5 84 2034 18.52 8.9
626 50 0.12 3456.7 30279 124 30.56 27.62 9.6
0.16 4487.1 39754 11.4 39.12 36.65 63
0.08 22389 2023.6 9.6 21.34 18.40 13.8
939 75 0.12 3241.8 2969.8 8.4 30.87 2745 11.1
0.16 42782 3889.1 9.1 39.1 36.30 72
0.08 2100.4 1993.5 5.1 21.38 18.41 139
1253 100 0.12 3300.1 2916.5 11.6 30.26 2730 9.8
0.16 4256.1 39494 7.2 39.12 36.63 6.4

9.3 WAVE REMOVING CUTTING PROCESS

Figures 9.37 through 9.40 show the simulation results for the wave removing process
for different cutting conditions. The simulation has been carried out based on the dynamic
model of shear zone with parallel boundaries where four series of testing programs were
curried out to assess the effects of the cutting feed, cutting speed, rake angle and frequency
of the waves on the work surface on the dynamic force components F, and F,. These figures
reveal the variations of the force components which follow approximately sinusoidal waves.
A certain phase lag relative the variation of the uncut chip thickness is clearly seen.

Figures 9.41 through 9.44 show the comparison between the predicted and the
measured dynamic forces. Here, the experimental results obtained in by Nagim and Sadek
(1977) are also shown. The comparison shows that the proposed model gives a good

agreements with the experimental results.
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9.4 CUTTING SIGNATURES
Figures 9.45 through 9.62 show the frequency autospectra of axial cutting force and

cutting torque for BTAH tool for different cutting conditions under near perfect

misalignment where the Figures 9.63 through 9.80 show the frequency autospectra of axial
cutting forces and cutting torque but for BTAS tool.
The following can be drawn from these figures:

1. At frequency equals to 90 Hz, there is a peak associated to the oil whirling. The
amplitude of this peak is about 5% of corresponding steady state axial cutting force
and about 12% of the corresponding steady state cutting torque.

2. Comparing the autospectra at the same feéed and spindle rotational speed show
different cutting signatures for different materials. For example, the axial cutting
forces autospectra at feed of 0.08 mm/rev and spindle rotational speed of 656 rpm
show a peak at frequency of 657 Hz for AISI 1045 steel, 528 for AISI 303 and 345
Hz for AISI 4340. This may be explained by the fact that each material has its own
layer thickness. This can be proven by comparing the different fully deformed chips
shown in Figure 9.93. Also, this comparison show that these peaks have different
amplitudes. For example, the amplitude of peak in the case of AISI 1045 steel is
about 10% of the associated steady state axial cutting force where this amplitude is
about 13% in the case of AISI 303 and 19% in the case of AISI 4340 steel. This also
can be proven by comparing the saw-toothed chip thickness shown in Figure 9.93.

3. Comparing the autospectra at the same spindle rotational speed and the same material

show slightly different cutting signatures for different feeds. For example, the axial
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cutting force autospectra of AISI 303 at spindle rotational speed of 656 rpm show a
peak at frequency of 528 Hz for 0.08mm/rev feed, 520 Hz for 0.12 mm/rev and 515
Hz for 0.16 mm/rev. This may be explained by the fact that the bending moment
which cause the chip formation (Astakhov et al, 1997b) depend on the feed. In
particular., the bending moment increase with feed that lowers the frequency of chip
formation. Also, this comparison show that these peaks have different amplitudes
and this amplitude increases as the feed increases. For example, the amplitude of
peak in the case of 0.08 mm/rev is about 13% of the associated steady state axial
cutting force where this amplitude is about 16% when the feed is 0.12 mm/rev and
19% when the feed is 0.16 mm/rev.

Comparing the autospectra at the same feed and the same material show slightly
different cutting signatures for different spindle rotational speed. For example, the
axial cutting force autospectra of AISI 303 at feed 0.08 mm/rev show a peak at
frequency of 528 Hz for n=656 rpm, 589 Hz for n=939 rpm and 665 Hz for n=1253
rpm. This may be explained by the fact that with increasing the cutting speed, the
length of the machined surface per unit time is increased, then more sliding surfaces
form. Also, this comparison show that these peaks have almost the same amplitude
for different cutting speed.

Comparing the autospectra at the same feed, spindle rotational speed and the same
material show almost the same cutting signatures for the two types of the tool used
in the experiments.

Table 9.9 and the figures 9.81 through 9.83 summerize the effect of the feeds,
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workpieces material and the cutting speeds on the cutting signatures.
This study shows the fluctuation of the cutting forces is a result of chip segmentation

and not the cause of it. Also this study show the effect of materials and cutting conditions

on the cutting signatures.

Table 9.9. Effect of material, feed and cutting speed on the cutting fluctuation

frequency.

Cautting tool: BTAH and BTAS drill 1" (25.4 mm).

Rotational
Fluctuation Frequence (Hz)
spindle Speed | Cutting speed Feed
(rpm) (nVmin) mm/rev AISI 1045 AISI 303 AISI4340
0.08 657 528 345
626 S0 0.12 645 520 335

939 75 0.12 700 560 380
0.16 690 550 365
0.08 830 665 470
1253 100 0.12 782 620 428
0.16 750 592 398
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9.5 CHIP MORPHOLOGY

The morphology of the formed and partially formed chip is presented in this section.
Figures 9.84 through 9.93present the results of the chip morphology for the fully formed chip
where the Figures 9.94 through 9.98 show results of chip morphology for the partially
formed chip.

Figure 9.84 show the initial structure for the AISI 1045. This structure is mainly
pearlite grain (gray) with a network of grain boundary ferrite (white). Figure 9.85 reveal the
configuration for the fully formed chip of the AISI 1045 at different magnifications. As can
be seen by comparing the initial structure and the formed one, it can easily note the
elongation of the grains in the direction of deformation. Figure 9.86 present a typical saw-
toothed chip showing the distribution of the microhardness across the chip section. The
figure reveal that the microhardness values starts with values equal to the initial material
hardness and increase to a certain limit and then start from the beginning again. This proves
that the deformation is non-uniform.

Figure 9.87 show the initial structure for the AISI 303. This structure is a matrix of
austenite grains bound an intermetallic stringer type inclusions.. Figure 9.88 reveal the
configuration for the fully formed chip of the AISI 303 at different magnifications. As can
be seen by comparing the initial structure and the formed one, it can easily note the
elongation of the grains in the direction of deformation. This figure reveals that the shear
zone is composed of two regions. The first region (A) is the “wide region” where the
deformation changes at a small rate The second region (B) is the “narrow region ” where the

deformation changes at a high rate. Figure 9.89 support the previous finding where the rate
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of microhardness change in the narrow region is bigger than that in the wide region.

Figure 9.90 show the initial structure for the AISI 4340. This structure is tempered
martensite. Figure 9.91 reveal the configuration for the fully formed chip of the AISI 4340
at different magnifications. As can be seen by comparing the initial structure and the formed
one, it can easily note the elongation of the grains in the direction of deformation. Figure
9.92 present a typical saw-toothed chip showing the distribution of the microhardness across
the chip section. The figure reveal that the microhardness values starts with values equal
to the initial material hardness and increase to a certain limit and then start from the
beginning again. This proves that the deformation is non-uniform.

In studying the deformation in metal cutting the main attention is usually paid to the
deformation rate which takes place in the shear zone. The rate of deformation is closely
related to the displacement and the velocities. To calculate the deformation rate a number
of different approaches and formulas were proposed (Boothroyd and Knight, 1989). The
known approaches are based on the known velocity diagram (Merchant, 1945) which has to
be corrected as shown previously in chapter three. Therefore, the deformation rate for the
model of deformation zone with parallel boundaries requires additional study.

Figures 9.94 through 9.97 show the microphotographs of the partially formed chip.
Figure 9.97 shows that the deformation is non uniform across the shear zone.

The morphology study support the theoretical considerations of the parallel shear
zone model with parallel boundaries where the study reveal that the shear zone is composed
of two regions (Manyindo and Oxley, 1986). The first region is termed as the “wide region”

where the tangential velocity v, changes at a small rate. The second region is termed as the
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“narrow region ” where the tangential velocity v changes at a high rate. Also, it can be seen
that as n increases, the “wide region” becomes larger and the “ narrow region” becomes
smaller. The narrow region where a significant change of the tangential velocity takes place
may be thought as the region of the discontinuity of this velocity. This model plays a
principal role for the foregoing analysis because both the state of stress and strain and the

resistance of the work material to cutting in this “ narrow region” are very specific.
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Figure 9.1: Effect of misalignment on the steady-state axial cutting
force and torque components. Cutting conditions: workpiece, AISI
303; tool, BTAS 1" inch diameter ; spindie rotational speed n, 656
rpm; boring bar length, 2.0 m; cutting fluid flow rate, 80 /min.
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Figure 9.8: Autospectra of the axial cutting force. Cutting conditions:
workpiece, AISI 303; tool, BTAS 1" inch diameter ; boring bar length,
2.0 m; spindle rotational speed n, 1253 rpm; misalignment, 15um;
cutting fluid flow rate, 80 I/min.

223




2
e 23 | =—1=0.08mm/rav
T 20
F-3
T <ot 4
SE -60
g
8 -80
g -100 I
= -120
& 0 200 400 600 800 1000 1200 1400 1600
Frsquency (Hz)
20
Py 0 e fx0).12mMm/rev
£
B -0
8 -60 .
S 50 |
g -100 """"L-'ﬁ
2
-120
0 200 400 600 800 1000 1200 1400 1600
Frsquency (Hz)
20
’E‘ 0 | =——1=0.16mm/rev
=
8 -20
T <40 H
g -60
- A
.:;_ -80 AT N ﬁl 1
5 -100
[~
-120
0 200 400 600 800 1000 1200 1400 1600
Frequency (Hz)

misalignment=15um
n=1253 om

Figure 9.9: Autospectra of the cutting torque. Cutting conditions:
workpiece, AISI 303; tool, BTAS 1" inch diameter ; boring bar length,
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Figure 9.12: Autospectra of the axial cutting force. Cutting conditions:
workpiece, AISI 303; tool, BTAS 1" inch diameter ; boring bar length,
2.0 m; spindle rotational speed n, 939 rpm; misalignment, 205um;
cutting fluid flow rate, 80 I/min.
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Figure 9.13: Autospectra of the cutting torque. Cutting conditions:
workpiece, AISI 303; tool, BTAS 1" inch diameter ; boring bar length,
2.0 m; spindle rotational speed n, 939 rpm; misalignment, 205um;
cutting fluid flow rate, 80 /min.
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Figure 9.14: Autospectra of the axial cutting force. Cutting conditions:
workpiece, AISI 303; tool, BTAS 1" inch diameter ; boring bar length,
2.0 m; spindle rotational speed n, 1253 rpm; misalignment, 205um;
cutting fluid flow rate, 80 /min.
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Figure 9.16: Autospectra of the axial cutting force. Cutting conditions:
workpiece, AISI 303; tool, BTAS 1" inch diameter ; boring bar length,
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Figure 9.17: Autospectra of the cutting torque. Cutting conditions:
workpiece, AISI 303; tool, BTAS 1" inch diameter ; boring bar length,
2.0 m; spindle rotational speed n, 656 rpm; misalignment, 422um;
cutting fluid flow rate, 80 I/min.
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Figure 9.18: Autospectra of the axial cutting force. Cutting conditions:
workpiece, AISI 303; tool, BTAS 1" inch diameter ; boring bar length,
2.0 m; spindle rotational speed n, 939 rpm; misalignment 422um;
cutting fluid flow rate, 80 I/min.
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Figure 9.19: Autospectra of the cutting torque. Cutting conditions:
workpiece, AISI 303; tool, BTAS 1" inch diameter ; boring bar length,
2.0 m; spindle rotational speed n, 939 rpm; misalignment, 422um;
cutting fluid flow rate, 80 I/min.
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Figure 9.20: Autospectra of the axial cutting force. Cutting conditions:
workpiece, AIS| 303; tool, BTAS 1" inch diameter ; boring bar length,
2.0 m; spindle rotational speed n, 1253 rpm; misalignment, 422um;

cutting fluid flow rate, 80 I/min.
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Figure 9.21: Autospectra of the cutting torque. Cutting conditions:
workpiece, AISI303; tool, BTAS 1" inch diameter ; boring bar length,
2.0 m; spindle rotational speed n, 1253 rpm; misalignment, 422um;
cutting fluid flow rate, 80 /min.
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Figure 9.22: Autospectra of the axial cutting force. Cutting conditions:
workpiece, AISI 303; tool, BTAS 1" inch diameter ; boring bar length,
2.0 m; spindle rotational speed n, 656 rpm; misalignment, 856pum;
cutting fluid flow rate, 80 I/min.
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Figure 9.23: Autospectra of the cutting torque. Cutting conditions:
workpiece, AISI 303; tool, BTAS 1" inch diameter ; boring bar length,
2.0 m; spindle rotational speed n, 656 rpm; misalignment, 856um;
cutting fluid flow rate, 80 /min.
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Figure 9.24: Autospectra of the axial cutting force. Cutting conditions:
workpiece, AISI 303; tool, BTAS 1" inch diameter ; boring bar length,
2.0 m; spindle rotational speed n, 939 rpm; misalignment, 856pum;
cutting fluid flow rate, 80 I/min.
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Figure 9.25: Autospectra of the cutting torque. Cutting conditions:
workpiece, AISI 303; tool, BTAS 1" inch diameter ; boring bar length,
2.0 m; spindle rotational speed n, 939 rpm; misalignment, 856pum;
cutting fluid flow rate, 80 I/min.
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Figure 9.26: Autospectra of the axial cutting force. Cutting conditions:
workpiece, AISI 303; tool, BTAS 1" inch diameter ; boring bar length,
2.0 m; spindle rotational speed n, 1253 rpm; misalignment, 856um;
cutting fluid flow rate, 80 I/min.
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Figure 9.27. Autospectra of the cutting torque. Cutting conditions:
workpiece, AISI 303; tool, BTAS 1" inch diameter ; boring bar length,

2.0 m; spindle rotational speed n, 1253 rpm; misalighment, 856um;
cutting fluid flow rate, 80 I/min.
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Figure 9.28: Steady-state cutting forces and torque components.
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656 rpm; misalignment, 15um; cutting fluid flow rate, 80 I/min.
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Figure 9.29: Steady-state cutting forces and torque components.
Cutting conditions: workpiece, AISI 1045; tools, BTAH and BTAS

1" inch diameter ; boring bar length, 2.0 m; spindle rotational speed
n, 939 rpm; misalignment, 15um; cutting fluid flow rate, 80 /min.
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Figure 9.30: Steady-state cutting forces and torque components.
Cutting conditions: workpiece, AISI 1045; tools, BTAH and BTAS 1"
inch diameter ; boring bar length, 2.0 m; spindle rotational speed n,
1253 rpm; misalignment, 15um; cutting fluid flow rate, 80 I/min.
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Figure 9.31: Steady-state cutting forces and torque components.
Cutting conditions: workpiece, AISI 303; tool, BTAH nd BTAS 1"
inch diameter ; boring bar length, 2.0 m; spindle rotational speed n,
656 rpm; misalignment, 15pm; cutting fluid flow rate, 80 /min.
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Figure 9.32: Steady-state cutting forces and torque components.
Cutting conditions: workpiece, AISI 303; tools, BTAH and BTAS 1"
inch diameter ; boring bar length, 2.0 m; spindle rotational speed n,
939 rpm; misalignment, 15pm; cutting fiuid flow rate, 80 I/min.
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Figure 9.33: Steady-state cutting forces and torque components.
Cutting conditions: workpiece, AISI 303; tool, BTAH and BTAS 1"
inch diameter ; boring bar length, 2.0 m; spindle rotational speed n,
1253 rpm; misalignment, 15um; cutting fluid flow rate, 80 I/min.
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Figure 9.34: Steady-state cutting forces and torque components.
Cutting conditions: workpiece, AISI 4340; tools, BTAH and BTAS
1% inch diameter ; boring bar length, 2.0 m; spindie rotational speed
n, 656 rpm; misalignment, 15um; cutting fiuid flow rate, 80 Umin.
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Figure 9.35: Steady-state cutting forces and torque components.
Cutting conditions: workpiece, AISI 4340; tools, BTAH BTAS 1"
inch diameter ; boring bar length, 2.0 m; spindle rotational speed n,
939 rpm; misalignment, 15um; cutting fluid flow, 80 I/min.
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Figure 9.36: Steady-state cutting forces and torque components.
Cutting conditions: workpiece, AISI 4340; tool, BTAH and BTAS
esign 1" inch diameter ; boring bar length, 2.0 m; spindle rotational
speed n, 1253 rpm; misalignment, 15um; cutting fluid flow rate, 80

I/min.
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Figure 9.37: Simulation results (series 1) : v=140 m/min, o=5 deg.,
frequency=120 Hz, b=3.5 mm.
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uncut chip thickness variation
force variation in x-direction ( vertical force).

force variation in y-direction ( horizontal force).
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Figure 9.38: Simulation results (series 2): t=0.19 mm/rev, o=5 deg.,
frequency=120 Hz, b=3.5 mm
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Figure 9.39: Simulation results (series 3): v=140 m/min, t=0.19 mm/rev,
frequency=120 Hz, b=3.5 mm.
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Figure 9.40: Simulation results (series 4): v=140 m/min, t=0.19 mm/rev,
o=5 deg., b=3.5 mm.
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Figure 9.41: Effect of feed on the dynamic forces.
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Figure 9.42: Effect of cutting speed on the dynamic forces.
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Figure 9.43: Effect of rake angle on the dynamic forces.
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Figure 9.45: Autospectra of the axial cutting force. Cutting conditions:
workpiece, AISI 1045; tool, BTAH 1" inch diameter ; boring bar
length, 2.0 m; spindle rotational speed n, 656 rpm; misalignment,
15um; cutting fluid flow rate, 80 /min.

260



——{=0.08mm/rev

R
o

3

3

&
o

-100 ¥
-120

Torque (db ref, 50N-m)

(4] 200 400 600 800 100G 1200 1400 1600
Frequency (Hz)

l —{=0.12mmv/rav

o : ﬁ ]
-80 M

o 200 400 600 800 1000 1200 1400 1600
Frequency (Hz)

Torque (db ref. 50N-m)

| ———1=0.16mm/rev

Torque (db ref. 50N-m)
&
(=}

-120
o 200 400 600 800 1000 1200 1400 1600
Frequency (Hz)

BTAH; AlSI 1045
n=656 mpm

Figure 9.46: Autospectra of the cutting torque. Cutting conditions:
workpiece, AISI 1045; tool, BTAH 1" inch diameter ; boring bar
length, 2.0 m; spindle rotational speed n, 656 rpm; misalignment,
15um; cutting fluid flow rate, 80 I/min.
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Figure 9.47: Autospectra of the axial cutting force. Cutting conditions:
workpiece, AISI 1045; tool, BTAH 1" inch diameter ; boring bar length,
2.0 m; spindle rotational speed n, 939 rpm; misalignment, 15um;
cutting fluid flow rate, 80 /min.
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Figure 9.48: Autospectra of the cutting torque. Cutting conditions:
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2.0 m; spindle rotational speed n, 939 rpm; misalignment, 15um;
cutting fluid flow rate, 80 I/min.
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Figure 9.49: Autospectra of the axial cutting force. Cutting conditions:
workpiece, AISI 1045; tool, BTAH 1" inch diameter ; boring bar length,
2.0 m; spindle rotational speed n, 1253 rpm; misalignment, 15um;
cutting fluid flow rate, 80 I/min.
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Figure 9.51: Autospectra of the axial cutting force. Cutting
conditions: workpiece, AISI 303; tool, BTAH 1" inch diameter ; boring
bar length, 2.0 m; spindle rotational speed n, 656 rpm; misalignment,
15um; cutting fluid flow rate, 80 I/min.

266




20
—{=0.08mm/rev
~ 0
£ |
Z -20
n
- =40
e |
a -60
~— j
§» -80 v
5 -100 Pns
[
-120
0 200 400 600 800 1000 1200 1400 1600
Frequency (Hz)
20
— —=0.1
E 0 ] =0 ammlrevl_
I
cu:,: -20 I
® 40
8 -60
S -80
(-2
E -100 ¥ M arod
-120
o 200 400 600 800 1000 1200 1400 1600
Frequency (Hz)
20
E o l;fw.16mWrev
g 20 |
B 40
8 -60
o o
3 -80
o \l - M
E -100 \w
-120
(¢} 200 400 600 800 1000 1200 1400 1600
Frequency (Hz)
BTAH; AISI 303
n=656 rpm

Figure 9.52: Autospectia of the cutting torque. Cutting conditions:
workpiece, AISI 303; tool, BTAH 1" inch diameter ; boring bar length,
2.0 m; spindle rotational speed n, 656 rpm; misalignment, 15um;
cutting fluid flow rate, 80 I/min.
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Figure 9.53: Autospectra of the axial cutting force. Cutting
conditions: workpiece, AISI 303; tool, BTAH 1" inch diameter ; boring
bar length, 2.0 m; spindle rotational speed n, 939 rpm; misalignment,
15um; cutting fluid flow rate, 80 I/min.
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Figure 9.54: Autospectra of the cutting torque. Cutting conditions:
workpiece, AISI 303; tool, BTAH 1" inch diameter ; boring bar length,
2.0 m; spindle rotational speed n, 939 rpm; misalignment, 15um;
cutting fluid flow rate, 80 I/min.
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Figure 9.55: Autospectra of the axial cutting force. Cutting
conditions: workpiece, AlISI 303; tool, BTAH 1" inch diameter ; boring
bar length, 2.0 m; spindle rotational speed n, 1253 rpm; misalignment,
15um; cutting fluid flow rate, 80 /min.
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Fig. 9.56: Autospectra of the cutting torque. Cutting conditions:
workpiece, AISI 303; tool, BTAH 1" inch diameter ; boring bar length,
2.0 m; spindle rotational speed n, 1253 rpm; misalignment, 15pum;
cutting fluid flow rate, 80 I/min.
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Figure 9.57:. Autospectra of the axial cutting force. Cutting
conditions: workpiece, AISI 4340; tool, BTAH 1" inch diameter ;
boring bar length, 2.0 m; spindle rotational speed n, 656 rpm;
misalignment, 15um; cutting fiuid flow rate, 80 I/min.
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Figure 9.58: Autospectra of the cutting torque. Cutting conditions:
workpiece, AISI 4340; tool, BTAH 1" inch diameter ; boring bar length,
2.0 m; spindle rotational speed n, 656 rpm; misalignment, 15um;
cutting fluid flow rate, 80 I/min.
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Figure 9.60: Autospectra of the cutting torque. Cutting conditions:
workpiece, AISI 4340; tool, BTAH 1" inch diameter ; boring bar
length, 2.0 m; spindle rotational speed n, 939 rpm; misalignment,
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cutting fluid flow rate, 80 I/min.
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Figure 9.69: Autospectra of the axial cutting force. Cutting conditions:
workpiece, AISI 303; tool, BTAS 1" inch diameter ; boring bar length,
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cutting fluid flow rate, 80 I/min.
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workpiece, AISI 303; tool, BTAS 1" inch diameter ; boring bar length,
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cutting fluid flow rate, 80 I/min.
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Figure 9.81: Effect of cutting feed on the cutting signatures. Cutting
conditions: tool, BTAS and BTAH 1" inch diameter ; boring bar
length, 2.0 m; misalignment, 15um; cutting fluid flow rate, 80 I/min.
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Figure 9.82: Effect of workpiece materials on the cutting signatures.
Cutting conditions: tool, BTAS and BTAH 1" inch diameter ; boring
bar length, 2.0 m; misalignment, 15um; cutting fluid flow rate, 80 I/min.
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Figure 9.83: Effect of cutting speed on the cutting signatures. Cutting
conditions: tool, BTAS and BTAH 1" inch diameter ; boring bar length,
2.0 m; misalignment, 15um; cutting fluid flow rate, 80 I/min.
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Figure 9.84: Microphotograph of the initial structure of AlISI 1045 steel.
(mag: 100 X). Etched with 10 mL Nital, 90 ml alcohol. Structure is
mainly pearlite grain (gray) with a network of grain boundary ferrite
(white).
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Figure 9.85: Microphotograph of a fully deformed chip of AISI 1045
steel. Cutting condition: tool ( rake angle ), 0.0; cutting speed v, 57.8
m/min; feed t, 0.2 mm/rev; width of cut b, 5.0 mm. Etched with 10 mL
Nital, 90 ml alcohol. Structure reveals a series of sliplines one following
another and the grains are elongated in the direction of the
deformation.
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Figure 9.86: Microhardness distribution (Vickers ) in a fully deformed
chip of AISI 1045 steel. Cutting condition: tool ( rake angle ), 0.0;
cutting speed v, 57.8 m/min; feed t, 0.2 mm/rev; width of cut b, 5.0
mm.
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Figure 9.87: Microphotograph of the initiai structure of AISI 303
stainless steel (mag: 400 X). Etched with 40 mL hydrofluoric (HF), 20
mL Nitric acid (HNO3), 40 mL glecren. Structure is a matrix of austenite
grains bound an intermetallic stringer-type inclusions.
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Figure 9.88: Microphotograph of fully deformed chip of AISI 303
stainless steel. Cutting condition: tool ( rake angle ), 0.0; cutting speed
v, 57.8 m/min; feed t, 0.2 mm/rev; width of cut b, 5.0 mm. Etched with
40 mL hydrofluoric (HF), 20 mL Nitric acid (HNO3), 40 mL glecren.
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Figure 9.89: Microhardness distribution (Viekers ) in a fully

deformed chip of AlISI 303 steel. Cutting condition: tool ( rake angle ),
0.0; cutting speed v, 57.8 m/min; feed t, 0.2 mm/rev; width of cut b, 5.0
mm.
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Figure 9.90: Microphotograph of the initial structure of AISI 4340 steel
(mag: 400 X). Etched with 10 mL Nital, 90 ml alcohol. Structure is
tempered martensite.
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Figure 9.91: Microphotograph of a fully deformed chip AISI 4340 steel
(mag: 50 X). Cutting condition: tool ( rake angle ), 0.0; cutting speed v,
57.8 m/min; feed t, 0.2 mm/rev; width of cut b, 5.0 mm. Etched with 10
mL Nital, 90 ml alcohol.
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Figure 9.92: Microhardness distribution (Vickers ) in a fully
deformed chip of AISI 4340 steel. Cutting condition: tool ( rake angle) ,
0.0; cutting speed v, 57.8 m/min; feed t, 0.2 mm/rev; width of cut b, 5.0

mm.
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Figure 9.93: Copmarison between the microphotographs of the fully
deformed chip of AISI 1045, AISI 303 and AISI 4340 steeis( mag : 50).
Cutting condition: tool ( rake angle ), 0.0; cutting speed v, 57.8 m/min;
feed t, 0.2 mm/rev; width of cut b, 5.0 mm.
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Figure 9.94: Microphotographs of partially formed chip. Cutting
condition: workpiece, AISI 4340; tool , BTAH 1" inch diameter; spindle
rotational speed n, 1000rpm; feed t, 0.1 mm/rev; Etched with 10 mL
Nital, 90 ml alcohol.

309



Figure 9.95: Microphotographs of partially formed chip (mag: 50X).
Cutting condition: workpiece, AISI 4340; tool , BTAH 1" inch diameter;
spindle rotational speed n, 1000rpm; feed t, 0.1 mm/rev; Etched with

10 mL Nital, 90 ml alcohol.
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Figure 9.96: Microphotographs of partially formed chip (mag: 100X).
Cutting condition: workpiece, AISI 4340; tool , BTAH 1" inch diameter;
spindle rotational speed n, 1000rpm; feed t, 0.1 mm/rev; Etched with

10 mL Nital, 90 ml alcohol.
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Figure 9.97: Microphotographs of partially formed chip (mag: 200X).
Cutting condition: workpiece, AISI 4340; tool , BTAH 1" inch diameter;
spindle rotational speed n, 1000rpm; feed t, 0.1 mm/rev; Etched with

10 mL Nital, 90 ml alcohol.

Figure 9.98

312




Figure 9.98: Microphotographs of partially formed chip (mag: 400X).
Cutting condition: workpiece, AlISI 4340; tool , BTAH 1" inch diameter;
spindle rotational speed n, 1000rpm; feed t, 0.1 mm/rev; Etched with
10 mL Nital, 90 ml alcohol.
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10

CONCLUSIONS AND RECOMMENDATIONS FOR

FUTURE WORK

10.1 CONCLUSIONS

A new model of chip formation has been developed. This model is not limited by the
most assumptions usually made to build the single shear plane, flow region and parallel sided
shear zone models and in the same time capable of relating the cutting forces, tool-workpiece
and temperature to the cutting speed, feed, tool geometry and properties of the workpiece
material. The proposed model involves the formulation of the shear zone model with parallel

boundaries. It has been defined by applying the mechanics of continuum to the analysis in
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the chip formation zone. The analysis yields the following conclusions:

a.

Two families of straight slip-lines constitute the deformation zone in metal
cutting: one family is parallel and another is perpendicular to the straight
upper boundary of the zone.

The well-known equation for the chip compression ratio is a form of the mass
conservation principle.

As a results of the consideration of slip-line structure of the shear zone
combined with the boundary conditions, a new feature of velocity diagram is
constructed.

The discontinuity of the tangential velocity (the component of the cutting
speed which is parallel to the boundary of the shear zone) during the
transformation of a deformed fragment from the workpiece into the chip is
attributed to the shear plane model phenomenon in the cutting process. In
practice, the shear zone always has a certain width along which a continuous
velocity is maintained. Therefore, the acceleration, strain and strain-rate in
the shear zone with parallel boundaries are not uniformly distributed as
thought before. The final true shear strain depends upon neither the zone’s
width, nor the power of non-uniform distribution of strain, but is entirely
defined by the values of the discontinuity of the tangential and normal

velocity components.

Thermomechanical model of the work-material resistance to cutting defines the ratio

of the flow shear stress (in the shear zone and in the plastic zone along the tool rake face )
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to the ultimate tensile stress as a linear function of cutting temperature. Based on this , a
model for the cutting force components is proposed. To avoid the determination of the
friction angle, the computation of the tangential force acting on the tool face is formulated.

The proposed model have been used to calculate the dynamic cutting forces in
orthogonal cutting. The cutting system was modeled using a single degree-of freedom
dynamic system where the variations of the cutting forces are represented by their total
differentials. This study shows that the shear zone with parallel boundaries accommodates
the dynamic variations in cutting conditions.

The analysis of the axial force and torque measurements reveals that the torque and
axial force are stationary deterministic in nature.

This study shows that fluctuation of the cutting forces is aresult of chip segmentation
and not the cause of it. It also reveals the effect of material and cutting conditions on the
cutting signatures that have never been considered as a factor in the previous studies of the
cutting dynamics.

A new methodology has been established to align the machine such that the
misalignment between the tool and the workpiece is minimized to make sure that the
measured forces are not affected by this effect. A low cost laser-camera based system has
been designed and build to achieve this goal.

The effect of misalignment on the cutting process has been investigated. The study
shows that the misalignment affects the result dramatically. To test this effect on the forcés
measured, the cutting tool has been deliberately misaligned. The misalignment values have

been measured using the laser-camera based system and the forces have been recorded using
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using the FFT Analyzer. The study shows that increased the misalignment causes increase
in the steady-state axial cutting force and cutting torque. The study also shows effect of
misalignment on the axial dynamic cutting force and cutting torque; the misalignment effect
shows up as a series of different amplitude harmonics.

The morphology study supports the theoretical finding of the parallel shear zone
model with parallel boundaries. The study reveals that the shear zone is composed of two
regions. The first region is termed as the “wide region” where the tangential velocity v,
changes at a small rate. The second region is termed as the “narrow region ” where the

tangential velocity v, changes at a high rate.

10.2 RECOMMENDATIONS FOR FUTURE WORK
One may consider the present work as step toward a predictive theory of metal

cutting. It is, therefore, reasonable to point out the issues that would be necessary to address

to advance such a model and to further use it further as a powerful tool in the process
planning practice. Here are the issues to focus on:

1. Exact deformation state causing chip formation is yet to be identified using the
proposed velocity diagram through determining the state of stress in the deformation
zone. Asshown and discussed, the deformation zone is not simple shearing as it is
believed. A good starting point might be to account for the bending moment in the
deformation zone which in combination with the shear stress in the deformation
zone causes chip formation (Astakhov, 1997b). The main question to answer is the

ratio of bending and shear stress in the deformation zone that is sufficient to trigger
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chip formation. If this ratio is a material constant then a novel approach to optimize
the cutting process may be in sight.

Finite element analysis of the stress and strain distribution in the deformation zone
could be conducted using the defined state of stress and deformation. As aresult, the
cutting forces may be determined for different cutting conditions. To accomplish the
job, however, the thermomechanical behavior of workpiece material in cutting should
be known.

To find the exact thermomechanical behavior of workpiece material in cutting, the
physics of plastic deformation should by employed. The stress-strain conditions
associated with cutting should be determined precisely.

Combining the known thermomechanical behavior of workpiece material in
deformation with defined state of stress in the deformation zone, it might be possible
to predict machinability of engineering material as the first stage. The further
research would be toward improving machinability on the basis of the proper
selection of process parameters which affect state of stress. By optimizing these
parameters the minimum energy consumption and maximum process economy can
be achieved.

The defined state of stress in the deformation zone might be considered as the first
phase toward controllability of the cutting process. Since this state of stress can be
altered by the process parameters and by the tool geometry two principal ways to
improve the cutting process may be feasible. The first is to optimize the geometry

of the cutting tool to achieve any desirable state of stress in the deformation zone in
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order to cut a given material with minimum energy consumed. The second is to vary
the process parameters over the machining cycle; it might be possible to maintain the
desired state of stress in the machining zone over this cycle.

6. The defined state of stress in the deformation zone may be extended to define the
state of stress in the partially formed chip. Having this state of stress defined, one
might select a particular chipbreaker just to increase the chip bending in a particular
direction to break the chip with minimum additional effort. Actually, the whole chip
formation process might be designed to achieve this objective.

7. To achieve all these objectives, the following caution should be undertaken. The
experimental results obtained by different research teams should be compatible. A
special set of standards on the experimental methodologies used in metal cutting
should be set through professional associations as ASME, CIRP, etc.

It seems, metal cutting is just at the beginning of its renaissance and its full

capabilities are to be discovered.
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