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ABSTRACT

PREDICTION OF CUTTING FORCES IN ORTHOGONAL MACHINING

By

T LAHRECHE

In this investigation two methods of machining analysis have been used to make
predictions of cutting forces from a knowledge of the workpiece material flow
stress and the cutting conditions. The first method of the analysis is used with
three different materials namely EN,, Aluminium and 70-30 Brass. In this
analysis the work material flow stress is obtained from a simple quasi~static
compression test where the effects of temperature and strain rate are considered
to be negligible. Predicted results for the cutting forces obtained from the first
method of analysis were compared with experimental results. The comparison

of predicted results with experimental results shows only limited agreement.

In order to improve the agreement between experimental and predicted results
the machining model was improved by the inclusion of flow stress properties
obtained from high speed compression tests. In addition the effect of
temperature on the flow stress was allowed for by the use of the velocity
modified temperature concept. An excellent agreement is shown between
predicted cutting forces obtained from the improved model of machining, with

the cutting forces obtained by experiment.

Conclusions are drawn and suggestions for further work are made.
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NOMENCLATURE

C Constant in the empirical strain-rate relation (Equation 7.2)
F Friction force

F¢ Horizontal cutting force

Fg Shearing force

F¢ Vertical cutting force (or thrust force)

h Tool—chip contact length

K - Shear flow stress

k Thermal conductivity of the work material in Equation (7.8)
Kan Shear flow stress at AB

L | Length of AB

m The slope of the idealized stress—strain curve
N Force normal to the shear plane

n Strain hardening index

P Hydrostatic stress at any point

Pa Hydrostatic stress at point A

Pg Hydrostatic stress at point B

R Resultant cutting force

e Chip thickness ratio

Rt Thermal number

S Specific heat of work material

s Cutting feed

Sz Length to the width of the shear zone

t
[AS,-;ingo]

t, Undeformed chip thickness

Chip thickness



TAB Temperature at AB

Te Average temperature rise in the chip

Tint Average temperature at the tool—chip interface

™ Maximum temperature rise in the chip

Ty Initial work temperature

U Cutting speed

Ve Chip \;elocity

Vg Shear velocity

w Width of cut

o Rake angle

AK Total change in shear flow stress

i\ Width of the primary shear zone

aS, Undeformed length of the small element of the shear zone measured
along AB

Ap The change in the hydrostatic stress

ot, Width of the secondary shear zone

® Shear angle

€ Natural strain

€ Direct strain

€q Constant in Equation (7.18)

7 Constant in Equation (7.6)

TAB Shear strain along AB

YAB Maximum shear strain rate

YEF Total shear strain

'i’int Maximum shear strain rate at the tool—chip interface

A Friction angle

o, Flow stress at strain (¢ = 1)
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True stress
Average normal stress

Angle made between the resultant cutting force and the shear plane
AB (Figure 27)

Angle made between a tangent to the slip line field "o" at any point
and a reference axis "x"
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A knowledge of the cutting forces in a machining operation is of considerable
value to the engineer engaged in the design of machine tools, the production
engineer responsible for the selection of a cutting tool, the metallurgist who
must provide cutting tool materials with the appropriate strength and hardness,

and the production planner who must select suitable jigs and fixtures.

The four decades following the end of the second world war have seen an
enormous effort directed towards the measurement of the forces which arise
when cutting a workpiece, and coupled with this effort have been many
investigations into the physical fundamentals of the cutting process. One of the
principal objectives of these investigations has been the development of methods
which would allow the prediction of cutting forces from the machining conditions
and the workpiece material properties, thus offsetting the need to carry out

expensive and time consuming cutting force measurements.

A survey of the work carried out shows that the problem of cutting force

prediction has been approached in three different, although overlapping ways.

(i) Empirical Equations

Machining processes are characterised by very large numbers of variables which
derive from the wide range of types of machining operation (single~point or
multi-point cutting for example), the different types of workpiece material each
with its own specific properties, coupled with the geometrical and kinematic
aspects of any particular machining operation (for example, workpiece dimensions

and shape, cutting speed; feed, depth of cut etc).



On the basis of extensive practical machining tests some investigators have
attempted to classify the above variables into generic groups, eg workpiece
properties, each of which can be represented by a coefficient, or constant. The
group coefficients may then be incorporated with the cutting variables, eg speed,
feed, depth of cut, into empirical equations for cutting force, power or surface
finish. The most detailed account of the procedures involved in the

development of empirical equations is that due to Kronenberg [1].
The principal restriction on the development of empirical equations is the
extensive testing which is necessary, because this involves considerable cost in

terms of both time and money.

(ii) Machinability Data Banks

Banks of machining data have been developed over many years in particular by
large industrial companies associated with the aerospace industries. One of the
‘earliest data banks was established by Metcut Research Associates who carried
out extensive practical conventional and non-conventional cutting tests for the
American space programme. In more recent years the advent of Ilarge
computers with massive data storage capabilities coupled with rapid retrieval has
rekindled interest in machinability data banks. More recently established data
banks incorporate information obtained from in-practice machining rather than
from machining tests.  The strength of data banks lies in their ability to
provide information, concerning the machining of a new component, based on
previous experience of machining similar components.  Although modern data
banks incorporate some empirical equations their ability to predict cutting forces,

power and surface roughness is limited in cases where data from earlier
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machining situations is unavailable.

(iii) Analytical Approaches

A study of the machining literature shows that many attempts have been made
to predict the cutting forces, roughness, tool wear, power etc, on the basis of
fundamental studies of the deformation occurring during a machining process.
Early attempts were based on a shear plane model of machining as described in
Chapter 2, while later models have attempted to allow for the behaviour of the

workpiece material as it passed through finite deformation zones.

In recent years models of the machining process have beén analysed wusing
slip-line field and finite—element techniques of stress analysis. = Such models
require large computers and extensive computer time if realistic results are to be
obtained. This latter fact has restricted the use of analytical techniques based

on slip-line field and finite—element methods.

It is clear that each of the above approaches to machining has its strengths as
well as its weaknesses. In the last fifteen years a further alternative approach
to machining has been developed by a number of workers which attempts to
combine the simplicity of the early analytical approaches based upon the shear
plane, or "thin" shear zone, with empirical data relating to the properties of
the workpiece material and the deformation zone dimensions. The type of

machining model assumed is sometimes referred to as a "semi—empirical” model.



The results of a limited number of studies using a semi—empirical model of
machining have been reported, and the results for cutting forces and cutting
temperatures look promising. However, results have only been reported for low
and medium carbon steel. It would be valuable to investigate the accuracy with
which cutting forces are predicted by the semi-empirical method, and also the
case with which the semi-empirical method can be extended to non-ferrous

materials.
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2.1 Description And Terminology Of Machining

A machining process is basically a simple process in which the required surface is
generated by providing suitable relative motion to the cutting tool and the
workpiece. To produce the required surface, all conventional metal cutting
operations are similar in that the cutting tool removes a layer of material called a

chip as shown in Figure 1.

Simple cutting operations usuvally adopt one of the two basic tool workpiece
geometries illustrated in Figure 2, and which are known as oblique and orthogonal

machining operations respectively.

If the angle between the cutting edge and the cutting speed motion is other than a
90 degree angle, then the cutting geometry is known as obiique (Figure 2a). If
the angle formed by the cutting edge and the cutting speed motion is equal to a

90 degree angle, this is known as orthogonal machining as shown in Figure 2b.

Although in practice, most metal cutting operations are oblique, most of the
research investigation, concerned with the mechanics of cutting have dealt with

orthogonal machining, since this is effectively two dimensional.

Orthogonal machining can be carried out on a shaping (or planing) machine where
the tool reciprocates over the workpiece, taking a cut on the forward stroke. In
shaping or planing operations, the cutting speeds are limited and the cutting action

is intermittent.



An alternative arrangement which allows continuous cuts of longer duration is
shown in Figure 3. This figure depicts the lathe method wused for orthogonal

machining, which is widely used in research investigations.

Figure 4 shows a section perpendicular to the cutting edge through the tool and
chip. From Figure 4 it is shown that the cutting tool consists of two surfaces
intersecting to form the cutting wedge. One surface along which the chip flows is
known as the rake face, and the other face of the cutting tool is known as the
flank face. In order to prevent rubbing between the flank face and the new

machined surface, the cutting tool is provided with a clearance angle.

One of the more important variables in a machining process is the slope of the
tool rake face, and this slope is specified in orthogonal machining by the angle
between the tool face and a line perpendicular to the machined surface. This .
angle is known as the rake angle "o", and Figure 5 illustrates how the sign of the

rake angle is defined.

In orthogonal machining, the depth of the material removed by the action of the
tool with a cutting speed "u" is known as the undeformed chip thickness "t,"

(Figure 4). The thickness of the chip is known as the chip thickness "t,".

The ratio of the undeformed chip thickness to the chip thickness (ie t,/t,) is
known as the chip thickness ratio "r.". The acute angle which is formed between

the plane AB (Figure 6) and the direction of cutting is termed the shear angle

"

o".



The following sections have been included to give an overview of the main features
which are likely to be encountered during a machining operation, and which can

have a great effect on the prediction of the cutting forces.

2.2 Chip Formation In Machining

Whatever the cutting conditions may be, the chips produced are one of the three

basic types, which were classified by Ernest [2] as follows:

i) Continuous chip

(ii) Continuous with built-up edge
and

(iii) Discontinuous chip.
2.2.1 Continuous Chip

The continuous chips are associated with the machining of the more ductile
materials, such as mild steel at high speeds, copper, and aluminium. Machining
with this type of chip gives good surface finish, low cutting forces, low cutting

temperatures, and long tool life.

Most of the research conducted into metal cutting has dealt with continuous chip
production since it can be considered to be a steady-state process. The formation

of a continuous chip is shown in Figure 7.



2.2.2 Continuous Chip With Built-Up—-Edge

This type of chip formation is shown in Figure 8. It is similar to the continuous
chip (stated above), except that hard metal builds upon the tool tip and acts as a
very rough cutting tool, usually causing a deterioration in the surface finish of the

workpiece.

According to Nakayama [3] this type of chip formation occurs at speeds where the
temperature at the chip-tool interface is relatively low, so that fracture may occur
within the chip along a plane approximately at right angles to the shear plane,
leaving behind a portion of chip attached to the tool face, as shown in Figure 8.
This attached material then acts as the cutting edge of the tool, and is called a

built-up-edge.

Built-up-edge formation is a dynamic phenomenon in which the size of the
built-up—edge increases until it becomes unstable, fracture occurs, and sections of
the built-up—edge are carried away in the underside of the chip and on the
machined surface.  Experimental work was carried out by Shwerd [4] on the
built-up-edge formation cycle. It was shown [4] that when machining with
conditions which promote built-up—edge formation, an extremely rapid cycle of

build—up and break—down is illustrated in Figure 9.

Trent [5] has shown that the conditions which promote the formation of the
built-up-edge when machining steel and cast iron may be summarized on a graph
of log (v) versus log (feed), and built-up—edge occurrence is then bounded by a

straight line as shown in Figure 10.
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2.2.3 Discontinuous Chip

Figure 11 shows the formation of a discontinuous chip. Discontinuous chips are
produced when machining brittle materials such as grey cast iron and bronze, and
normally ductile materials such as mild steel, at very low speeds and high feeds.
The tool partly forms the chip before fracture occurs resulting in the formation of

a discontinuous chip.

From an observation made by Iwata and Ueda [6] of the machining process inside
a scanning electron microscopy, it was stated [6] that the type of chip formation
transformed occasionally from one type to another, depending on changes in
microscopic parameters (eg inclusions, morphology and grain boundaries) and in

cutting conditions (eg rake angle and cutting speed).

The merit of each type of chip formation depends on which aspect of a machining
process needs to be controlled. For the purpose of this investigation the
continuous type of chip formation is most relevant since it can be treated as a

steady—state process.

2.3 Deformation Zones In Machining

Studies carried out by many workers [7-12] have established that the process of
chip formation during a machining operation involves a considerable amount of
plastic flow. The bulk of this work occurs in two zones known as the primary

and secondary deformation zones respectively as shown in Figure 12.
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The primary deformation zone is due to the extensive shear which accompanies
chip formation. @ At high cutting speeds with a continuous chip the primary
deformation zone resembles a narrow, parallel sided band which has been treated
as a "shear plane" for the purpose of analysis by numerous workers [13-16].
Further attention will be given to the "shear plane" approach to machining in

Section 2.5.

The secondary deformation zone arises due to the contact between the chip and
the rake face of the cutting tool. This contact is characterised by heavy shear in

lower layers of the chip producing a further amount of deformation.

Palmer and Oxley [17] studied the deformation in metal cuttihg. Using
cinephotography to observe the flow of grains in a steel workpiece during
slow-speed cutting, they found that the primary deformation zone had the form
shown in Figure 13. This model was criticized because only very low speeds were

used and also the tool and the chip are not in contact at the tool point.

A slip line field model constructed by Enahoro and Oxley [18] is shown in Figure
14. This model demonstrates how the interaction between the chip and the tool

affect the deformation in the lower layers of the chip.

Roth and Oxley [19] have constructed a model for the deformation zones which is
a combination of the slip line field models previously proposed [17,18] and is

shown in Figure 15.

The deformation zone in machining is very small [20] and it has been suggested
that a size effect exists in which the flow stress in the deformation zone is greater
than that of the bulk material. The flow stress can be increased significantly by
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the high values of strain and strain rate. Both the strain and strain rate are
known to have high values in metal cutting in the range 1 to 3 in the case of
strains and between 105 and 108s™' for strain-rates. The flow stress is reduced
at high temperatures which can in machining reach values in excess of 800°C.

The temperatures in machining will be dealt with in Section 2.4.

2.4 Temperatures In Machining

The extensive plastic deformation occuring in the primary and secondary
deformation zones is accompanied by significant heat generation and high

temperatures.
During machining heat is generated in the region of the tool cutting edge [21].

This heat can have a controlling effect on the properties of the workpiece material
being machined, the rate of wear of the cutting tool, on friction between the chip

and the tool, and thus, on the prediction of the cutting forces.

In machining, the workpiece material being machined is subjected to high strains,
and the elastic deformation forms a very small proportion of the total deformation
[21]. It was assumed by Trent [21] that all the energy is converted into heat (eg

when the material is deformed plastically).

Boothroyd [22] stated that the conversion of the energy into heat occurs in the

primary and secondary deformation zones as depicted in Figure 16.
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Figure 17 shows the experimental work carried out [22] for the determination of
the temperature distribution in the workpiece and the chip during an orthogonal
machining. In his attempt to calculate the temperature distribution, Boothroyd [22]
deduced that the generation of heat was confined uniformly within the shear plane
and the chip-tool interface rather than being propagated over a finite primary and

secondary shear zones.

Several theoretical analyses of the temperature distribution in the workpiece and
chip—tool interface have been carried out [23 to 26]. Figure 18 shows the
idealized model of the cutting process employed in theoretical analyses [23 to 26].
In these attempts it was assumed that the primary shear zone could be regarded as
a plane heat source of uniform strength (ie no heat is lost from the free surfaces
of the workpiece and the chip, and that the thermal properties of the workpiece

material were constant and independent .of the temperature).

In an attempt to find an exact solution to calculate the temperature in the
‘workpiece and at the tool-chip interface, Rapier [26] decuded that an exact

solution was not possible and further assumptions were necessary.

A useful suggestion was made by Nakayama [27], who assumed that no heat was
conducted in the material in the direction of its motion. Nakayama [27] carried
out experimental work and compared the results obtained to the theoretical analysis

suggested by the experimental and theoretical results are shown in Figure 19.

One conclusion was deduced [27], that is the maximum temperature in the chip

occurs where the material leaves the secondary deformation zone.
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Murarka et al [28] carried out experimental machining tests in which the cutting
temperature was measured for a range of 150 and 700°C. It was shown that (i)
the mean shear zone temperatv;xre increases slightly with increasing the cutting
speed, and tends to become constant and (ii) the maximum tool-face temperature

increases rapidly with an increase in cutting speed. This is shown in Figure 20.

From the work carried rout by Hashmi [29] it is deduced that the shear zone
temperature and the tool—chip interface temperature increase with an increase in
cutting speed as shown in Figures 21 and 22, The tool—chip interface temperature
(Figure 23) increases slightly with an increase in the undeformed chip thickness,
and the shear zone temperature increases to a certain value and then decreases as

the undeformed chip thickness increases as depicted by Figure 24.

It can be concluded from the foregoing work on the cutting temperatures that the
temperature changes with a change in cutting parameters such as cutting speed and
undeformed chip thickness.  This change in cutting temperature can have a
controlling effect on the properties of the work material and hence on the cutting

forces.

2.5 Forces In Machining

Investigators in the metal cutting field have attempted to develop an analysis of the
cutting process which provides a clear understanding of the fundamentals of the
process and which enables the prediction of cutting forces without the need for
empirical testing. It should be realised that relatively simple cases have been
studied and that the available methods of analysis have not been explored or
extended to allow for cutting with two or more cutting edges or with form tools.
For a number of operations where cutting is performed essentially with one cutting
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edge, eg turning, the cutting theory is used to predict the important forces (ie the

horizontal and vertical cutting force).

The cutting theory which can predict the cutting forces can only be used under

one model of machining.

Several models to describe the process of machining have been developed; some
have been fairly successful in describing the process, but none can be fully
substantiated and definitely stated to be the correct solution. Thus, while none of
the analyses can precisely predict conditions in a practical cutting situation, the
analyses are worth examining because they can qualitatively explain phenomena
observed and indicate the direction in which conditions should be changed to

improve cutting performance.

As early as 1945 Merchant [13] had developed an analysis based on the thin shear

plane model (Figure 25) within which he made the following assumptions:

6)) The tool tip is sharp and no rubbing or ploughing occurs between the

tool and the workpiece.

(ii) The deformation is two dimensional, ie no side spread.
(iii) The stresses on the shear plane are uniformly distributed.
(iv) 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.

For these conditions a force diagram as shown in Figure 26 was constructed.

The cutting force (ie horizontal and vertical) were established as:
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t, w Kag(Z-o)

Fe = sin ¢ cos(p+i-a) (2.1
t, w Kap sin(i-o)
Fe = — AB (2.2)
sin ¢ cos(gth-a)
where:
Fo - horizontal cutting force
Fp, - vertical cutting force
t, - undeformed chip thickness
w - width of cut
KaB - shear stress
A - friction angle
a - rake angle
" - shear angle

To determine the shear angle, Merchant [13] assumed that the minimum-energy
principle applied in metal cutting, so that the deformation process adjusted itself to
a minimum energy condition. He established this condition by equating de/dgo to

‘zero, for constant cutting speed, that is,

de _ t, w Kpag cos(A-a) cos(2p+r-a) — 0
dp sin?p cos?(p+\-o)
p =3 -7 0 (2.3)

The cutting forces were therefore expressed as

t, w Ko cos(r-a)

Fe = ST/ - (D) (-m) ] cos[ (/) F(H) (o) ]

= 2t1 w KAB cot ¢ (2.4)

and

t, w Kpgg sin(h-o)
= sin[(x/4)-(3)(A\-a)] cos[(x/4a)+(3) (A\-1)

= t, w Kpg(cot2p-1) (2.5)
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Equations (2.3), (2.4) and (2.5) were based on two further assumptions which make
them open to considerable doubt. First they involve the minimum-energy
principle, which is not supported by evidence; second, the differentiation assumed

N and Kpp are constants, independent of (.

Merchant [13] ran experimental tests to determine the forces, shear angle,
coefficient of friction and shear-plane stresses in metal cutting. He found that the
values obtained were different from the values expected. Quantitatively the shear
angle relationship (equation (2.3)) has been found to be inaccurate. Also the shear
stresses and coefficient of friction values were higher than those established by

conventional tensile and friction tests.

Oxley [30] applied a simplified slip-line field to a shear plane model in metal
cutting. The model is shown in Figure 27. In his model [30] the deformation
zone was assumed to be bounded by straight and parallel slip lines at an angle ¢
to the direction of motion. In his analysis [30] Oxley has expressed the shear
angle by the relationship

o = 50-0.8(f-0) (2.6)

Experimentally, equation (2.6) was found to agree with measured shear—angle values

somewhat closer than equation (2.3), but it is not an exact expression.

The deformation in metal cutting at very low speeds was studied by Palmer and
Oxley [16], and they have presented a model shown in Figure 13 for their
analysis. In this model they suggested that the tool chip and the tool were not in
contact at the tool tip and that the chip was curved so that the contact zone was
some distance up the rake face of the tool. A disappointing feature of Palmer
and Oxley's analysis is that the deformation cannot be predicted analytically, so
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that the cutting forces cannot be predetermined.

Another model of analysis shown in Figure 28 has been presented by Okushisma
and Hitomi [31]. No attempt was made to fit a slip-line field to the deformation
zone, but the analysis was based purely on the geometry of the boundaries of the
zone. In some ways it was similar to the Merchant analysis except that a range

of shear planes was considered.

From the foregoing models of analysis, the zone of deformation approaches the
shear plane model as the cutting speed is increased. The model used for analysis
by Oxley [30] with the shear zone approaching the shear plane seems to be the
most valid. This model of analysis which is based on two main assumptions (i)
the width to the length shear zone is taken as a constant and (ii) the flow stress
data is taken to have the value of a quasi-static stress where the effects of strain
rate and temperature are not considered. This model is then referred to as the
semi—empirical model of machining and is used in this investigation with three

" different materials as described in the following chapter.
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CHAPTER 3

SEMI-EMPIRICAL MODEL OF ORTHOGONAL MACHINING

3.1 Introduction

3.2 Analysis
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3.1 INTRODUCTION

It is wusual when considering the mechanics - of metal cutting [1-8] to restrict
attention to orthogonal machining as described previously in Chapter 2, section 1,
and it is usual to consider conditions under which the metal is removed in the

form of a continuous chip.

Orthogonal machining with a continuous chip can be approximated to a plane
strain steady motion problem and it is this class of problem which can be most

easily analysed.

In the present investigation a semi-empirical model of machining has been used.
The semi—empirical model incorporates theoretical aspects of analysis along with
experimentally determined values, namely the shear zone length to width ratio and

the work material properties.

3.2 MACHINING ANALYSIS

.

The model of chip formation used in this analysis in which the chip is formed in
a finite plastic zone is shown in Figure 27a. The finite plastic zone is idealized
to a parallel sided shear zone, with AB, CD and EF straight parallel slip-lines
representing the directions of maximum shear-stress and maximum shear-strain
rate. Chip curl is neglected and it is assumed that the state of strain, and

therefore the shear flow stress, along each of the parallel slip-lines is constant.
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Neglecting any up-thrust on the base of the tool, the slip-line AB (Figure 27a)
will transmit the resultant cutting force and it is therefore convenient to base the

analysis on the slip-line AB.

The method of analysis is to analyse the stresses along AB and then to select the
values of shear angle "o" (ie the angle made by shear plane AB and the direction
of cutting) to give a resultant cutting force direction across AB which is consistent
with the direction given by considering the angle of friction at the tool—chip
interface. From a geometrical view point AB can be looked upon as the shear
plane and ¢ as the shear angle. The angle ¢ is given by the following expression

as demonstrated in Appendix I:

t,/t, cos

tan ¢ = g t,/t, sina (3.1
where
t, : undeformed chip thickness
t, chip thickness
and
o : rake angle.

To describe the stress conditions in the plastic zone, modified Hencky relationships

[32] with a workhardening term are used. These are:

p + 2ky + 2% As, = const along (a) line
2
(3.2)
[ Ak :
p + 2ky + Ao As, = const along (f) line
; .
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where:

P : the hydrostatic stress at any point
k : shear flow stress
¥ : angle made between a tangent to the slip-line "o" at any point

and a reference axis "x"

Ak : the total change in shear flow stress
ds, the width of the shear zone
and
As, undeformed length of the small element of the shear zone

measured along AB, shown in Figure 27b.
The hydrostatic stress in the region of A is calculated from the free surface
condition in the surface ahead of A. At the free surface (ie in the region of A

in Figure 27a) the following conditions are assumed to apply:

(i) Boundary AB bends to meet the free surface at 45  (ie free surface

condition);
(ii) No force is exerted at the tool tip;
and
(iii) The tangential and normal stresses on the rake face of the tool are

uniformly distributed over the tool—chip contact region.

It follows from assumption (i) above that as p = k (compressive) at the free
“surface it can be shown from slip-line theory that

T

Pa = kap [1+ 23 - o] (3.3)
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where:
PA is the hydrostatic stress at A (ie the normal stress acting on AB

at A).

From Figure (27b) (ie the small element of the shear zone) as the material passes
through the shear zone its shea-r flow stress will change as a result of
strain-hardening and temperature. Therefore, the shear flow stress along CD (ie
initial shear flow stress at zero plastic strain) is k — Ak/2, and the shear flow

stress along EF is k + Ak/2.

Resolving forces parallel to AB as demonstrated in Appendix 1 gives:

Ak
Ap = A-T,'Asz (3.4)

where:

Ap is the change in the hydrostatic stress.

Applying this equation between A and B, it can be obtained:

Ak t,
PA -~ PB~ A5 STn p (3.5)
Ak t,
PB = PA ~ A5 'Sin ¢ (3.6)
where:
PB is the hydrostatic stress at B (ie normal stress on AB at B).

In order to calculate the hydrostatic stress pg in equation (3.6), it is necessary to
know the value of the total change in the shear flow stress Ak between A and B.
Therefore, let Figure 29 represent the idealized shear flow stress — shear strain

curve of the material corresponding to the shear strain rate in the shear zone (the
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slope of the curve and the total change in the shear flow stress will vary with
strain rate [34]). Then if the total shear strain occuring as an element of material
passes through the shear zone at the slip-line EF is v, then from CD to EF the
change in shear flow stress is given by
Ak = m.yEF 3.7
where:
m : is the slope of the idealized stress—strain curve

and ygF (the total shear strain) is given by [34] that is: -

cos o
YEF = §in ¢ cos(p-or) (3.8)

The shear strain occurring along the slip-line AB (yap) is given by

_ cos o
YAB T 2 sin ¢ cos(p-a)

3.9)

Before the theory can be used it is necessasry to know the width of the shear
zone As, in equation (3.6). Thus, an assumption must be made about the length
to the width ratio of the shear zone (ie t,/As,.sin ¢). From the experimental
work carried out by Kececioglu [34] and Nakayama [35] when machining a range
of plain carbon steel (0.13% C to 0.38% C) at relatively high cutting speeds (eg
from 600 up to 1000 fpm), and Enahoro [36], Palmer and Oxley [9] when
machining a range of plane carbon steel (0.13% C to 0.58% C) at low cutting
speeds (eg from 3 to 17 fpm) it was found that t,/As,.sin p changed with cutting
conditions (ie it increased with increase in cutting speed). However it was shown

that the value lay in the range 6 to 14 for all the cutting conditions used.
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For the purpose of the calculations carried out in the present work the ratio has
been assumed to have a constant value of 10, which is the mean value of range

of variation reported by the earlier workers.

It follows that if the angle © in Figure 27 is the angle made between the resultant
cutting force and the shear plane AB, it is then expressed [37] by the following

expression

+ -
tan @ = tA " PB (3.10)

2 kap

The value of the angle 6 is also defined geometrically (Appendix I) in terms of

the shear angle "p", the friction angle "\" and the rake angle "o" that is:

8=p+ - (3.11)
where:
3] : angle made between the resultant cutting force and the shear
plane AB
7 : shear angle made between the shear plane AB and the direction
of cutting
A\ : angle of friction along the tool chip interface
and
o : the rake angle.

In order to determine the shear flow stress kap, uniaxial flow stress results are

related to the plain strain machining conditions in the following way [38]:

1 n
kap = , 3 01 - €AB
(3.12)

1
SAB-/g"YAB
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where:

kaB : shear flow stress
o, and n : are constants in the stress—strain curve given in the
following equation ¢ = o, " (where ¢ and ¢ the axial

flow stress and natural strain)
EAB : natural strain

YAB : the shear strain.

The resulting cutting force transmitted by the shear plane AB and also transmitted
by the tool-chip interface is given by the following expression demonstrated in

Appendix I:

R = i ; (3.13)

where:
R : resulting cutting force transmitted by the shear plane AB and the
tool-chip interface és shown in Figure 27
kap : the shear flow stress
w : the width of cut
® : the shear angle
3] : the angle made by the direction of the cutting force and the

shear plane AB.

Once the resultant cutting force is known, the following geometric force relations
(Appendix I) can be obtained as shown in Figure 26:

Feo = R cos(i-o)
Fy¢ = R sin(\-o)
- R cos A (3.14)

Fg - R cos 6
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F¢ : is the cutting force against which work is done
Fy : is the thrust force (or feed force)
N : is the force normal to the shear plane AB
Fg is the shearing force
and
R : is the resultant cutting force.

A typical example of cutting forces calculation using the semi-empirical model is

shown in Appendix II.

- 28 -



CHAPTER 4

EXPERIMENTAL TECHNIQUE AND PROCEDURE

4.1 Cutting Tests

4.2 Cutting Tools

4.3 Workpiece Materials

4.4 Compression Tests

4.5 Preparation of the Workpiece

4.6 Cutting Conditions

4.7 Force Measurements

4.8 Chip Thickness Measurement

4.9 Quick—Stop Device
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Height of the Built—-Up-Edge

4.11 The Scanning Electron Microscopy
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4.1 CUTTING TESTS

The machining tests were carried out on a heavy duty tool-room lathe. The latter
was a Churchill Denhams model SRIOV 22" swing centre lathe, equipped with an
infinitely variable range of speeds between 15 and 2000revs per minute; a 30Kw
motor, and a choice of 54 longitudinal feed rates in the range 0.057 to 3.75mm

per rev. The lathe is shown in Plate 1.

The cutting tests were carried out under orthogonal conditions. This was achieved
by feeding the tool axially into the end of a tube rotating in the spindle of the
lathe as shown schematically in Figure 30. The actual experimental set up is

shown in Plate 2.

4.2 CUTTING TOOLS

The cutting tests were performed with cemented carbide cutting tools corresponding
to the ISO P10 classification. A new tool was used for each cutting test. The
duration of each test was short in order to ensure that tool wear effects were not
important. The tools were designed to fit in the tool holder of a quick—stop
device (the quick-stop device is detailed in Section 4.9Jand had a flat at the top of

their body for positioning and clamping in the tool holder.

4.3 WORKPIECE MATERIALS

Workpiece materials used to carry out the cutting tests in the present investigation

were chosen to give continuous chip formation.
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The materials were:

)] a medium carbon steel "EN_" in the normalized conditions,
(i) an aluminium alloy,

and

(iii) a 70-30 brass.

Composition of these materials is shown in Table 1.

4.4 COMPRESSION TEST

Quasi-static compression tests performed in this investigation (in order to calculate
the flow stress data) were carried out on a standard testing machine, type Denison
universal testing machine model T428 with a capacity of 50 tons (this is shown in

Plate 3).

In order to perform the quasi—static compression tests, a cylindrical specimen of
"6xbmm in dimensions was prepared. The cylindricai specimen (Figure 31) used
had plane end faces and was compressed between plane parallel platens that have
been hardened and tempered and then ground and polished, as shown in Plate 4.
The end faces of the cylindrical specimen were machined with shallow concentric
grooves, that is to entrap lubricant. To minimise the frictional resistance at the
interfaces (ie between the end surfaces of the compression specimen énd the
platens) a graphite in tallow was used as a lubricant. Results of the compression

tests are dealt with in Chapter 5, Section 9.
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Table 1 : Composition of workpieces materials used

% EN, Aluminium 70-30 Brass
C 0.38 - -
Mg - 0.67 <0.001
Si 0.19 0.60 <0.005
S 0.30 - -
Cu - 0.03 70.3
Mn 0.81 0.42 <0.001
Ni 0.16 - 0.001
Zn - - 29.65
P 0.014 - -

Fe Remainder 0.23 0.02
Cr 0.18 <0.01 -

Zr - 0.03 -

Li - <0.001 -

Mo 0.05 - -

\Y 0.01 - -

Al 0.011 Remainder -
Pb - - 0.18

4.5 PREPARATION OF THE WORKPIECES

Test workpieces were prepared as follows:
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4.6

Two

For the medium carbon steel "EN,", the tube was mounted between the
chuck and a rotating centre as shown in Plate 5. The tube was then turned

and bored to give a wall thickness of 3.20mm.

For the aluminium alloy and the 70-30 brass, the workpieces materials were

brought with tube wall thickness of 3.20 and 3.35mm respectively.

CUTTING CONDITIONS

groups of cutting test were carried out under dry cutting conditions.

The first group of cutting tests were carried out under three sets of cutting
conditions in order to investigate the effect of machining variables on cutting
forces and chip thickness. The cutting conditions for the first group are given

in Table 2.

The second group of cutting tests were carried out to investigate the effect of
machining variables on the dimensions of the primary and secondary
deformation zones and on the height of the built~up—edge. The cutting

conditions for the second group of cutting tests are given in Table 3.

- 33 -



Table 2 : Group A of cutting tests

Sets No. Cutting Speed Undeformed chip Rake angle
"W" (m/min) thickness "a" (degree)
"t1ll (m)

0.488 for EN,

1 30 to 400 and aluminium 0
0.244 for 70-30
brass

2 200 0.057 to 0.488 0

3 200 0.244 -10 to +25

The cutting tool in Group A of cutting tests was held in a tool holder mounted in

and secured to the top of a three component dynamometer as shown in Plate 5.

Table 3 : Group B of cutting tests

Sets No. Cutting speed Undeformed chip Rake angle
"V" (m/min) thickness "a" (degree)
“tl'l (mm)
0.488 for ENg
1 30 to 150 and aluminium 0

0.244 for
70-30 brass

The sets of cutting tests in Group. B were carried out using a quick-stop device

(the quick-stop device is detailed in Section 9). Experimental set up of Group B

of cutting tests is shown in Plate 6.
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4.7 FORCE MEASUREMENTS

The cutting force "F." and the feed force "F{" acfing on the tool during
machining were measured using the three component piezo-electric dynamometer in
conjunction with an amplifier connected to a platform recorder. The dynamometer
used was a Kistler Quartz type 9257A capable of measuring vertical forces in the
range 0-10KN and horizontal forces in the range -5 to +5KN with a resolution of
0.0IN. The experimental set up for the force measurements is shown in Plate 1.
Plate 7 shows the amplifier and the platform recorder used. Typical trace of the

cutting forces "F." and "F{" is shown in Plate 8.

4.8 CHIP THICKNESS MEASUREMENT

Measurements of the chip thickness were needed in order to determine the
orientation of the shear plane. To measure the thickness of the chip a digimatic
micrometer in conjunction with a digimatic mini—processor was used as shown in
Plate 9. The digimatic micrometer was a 293 series Mitutoyo type. This
digimatic micrometer is a high precision electronic measuring instrument with a

resolution of 1 micron.

The digimatic mini—processor connected to the digimatic micrometer was a Mitutoyo
264 series - it is a functional data processing unit for the electronic digital
instrument with an output function. Digimatic mini—processor was connected to an
AC adaptor from which the power was supplied. Experimental set up is shown in

Plate 10.
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For each test condition ten measurements of the chip thickness were made at
various points along the chip, and from these readings the mean chip thickness was

determined.

4.9 QUICK-STOP DEVICE

In order to investigate the dimensions of the primary and secondary shear zones,
and the height of the built—up—edge, the chip has to be attached to the machined

surface. For this reason a quick-stop device was used as shown in Plate 11.

The quick-stop device used was an explosively driven bolt type (the bolt being
provided by a human killer) and should not be used on speeds in excess of
465m/min [39]. The cutting tool was held in place by a tool holder resting on a
shearing pin strong enough to withstand the cutting forces. The shearing pin was
a silver steel material of 1%C high carbon steel. When the human killer gun is
fired, the pressure builds up in the firing chamber accelerates the hammer which
hits the top of the tool holder. Under the action of impact of the hammer the
shear pin breaks, and releases the tool from the workpiece. The tool holder is
then brought to a stop by plasticine. In order to allow for the feeding action of
the tool, a cant angle is provided so that the tool retraction from the workpiece
takes place at an angle to the machined surface, hence avoiding contact between
the latter and the tool flank after the quick-:stop has been operated. Plate 12
shows the quick-stop device used in the present investigation mounted on the
cross—slide of the lathe and ready for machining operation. Plate 13 is a close up
showing the tool holder, the machined surface, and the hole through which the

hammer hits the tool holder.
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Immediately after the quick—stop device tool had been operated, the spindle
rotation and the feed were stopped and drops of oil were put on to the machined
surface attached to it the chip root, that is to preserve it (them) from oxidation
and corrosion for subsequent examination and measurements. Then, the machined
surface attached with the chip root, was parted off and numbered using an etching

pen for identification later on.

4.10 MEASUREMENT OF THE DIMENSIONS OF THE PRIMARY AND

SECONDARY SHEAR ZONE WIDTHS AND THE HEIGHT OF THE

BUILT-UP-EDGE

Microscopy was used to examine the dimensions of the primary and secondary
shear zones and the built-up edge. The chip attached to the machined surface
(left when the quick-stop device was used) was parted off in a specimen of the

size one centimeter smaller than the size of the mount (1 inch in diameter).

Methods of mounting and polishing used were metallurgically standard.

During mounting, the chip root was carefully and properly orientated to give plane

strain after polishing of 1Imm in depth of the sample as shown in Figure 32.

To reveal structural details by the preferential attack of reagents on metal surfaces

etching was done.

Etchants used in this present investigation were:

- A solution of 2% nital used for etching plain carbon steels "EN_,".
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— The aluminium was etched with a solution of a hydrofluoric acid and mixed
with water.
- A solution of alco ferric chloride with water was used for etching the 70-30

brass.

After etching, specimens were washed with water and alcohol, then they were put
in an electrosonic cleaner to take off all the spots of dirt from the specimens.
Then the specimens were taken to a scanning electron microcopy (as detailed in
Section 5.11) to examine and to take pictures of the chip root as shown in Plates
14 to 25. The angle at which the specimen was orientated in the scanning

electron microscopy was taken zero degree.

Magnifications of the photographs (Plates 14 to 25) are stated under each
photograph.  From these photographs, dimensions of the primary and secondary
shear zones, and the height of the built-up—edge were carried out by means of a

ruler and their results are shown in Tables 14 to 17.

4.11 THE SCANNING ELECTRON MICROSCOPY

The scanning electron microscopy used in this investigation was of the type
"PSEMS500" shown in Plate 26. The PSEM is designed to combine high
performance versatility and ease of operation with the special feature that full
quantity of measurement could be made. It offers greater potential than a
conventional optical microscope, being capable of resolving topographical details of

less than 300A with a depth of focus 500 times that of an optical system.
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The basic principles of its operations are shown in Figure 33. Electrons are
generated at a hot tungsten filament and accelerated through an anode by means
of a 1 to 50KV potential with respect to the filament. The magnetic condenser
lenses reduce the electron beam diameter until a probe of 100 to 200A diameter is
formed on the specimen surface. This beam of electrons generates a wide variety
of signals when it interacts with a solid metal surface. These signals include
back-scattered electrons (high energy), secondary electrons (low energy), photons
and x-rays all of which are produced by the scattering of the incident electrons by
the atoms in the specimens. The deflection coils are connected to a scan
generator which causes the incident .beam to be scanned over the specimen in an
x-y pattern. The scanning generator is also connected, in series, to the deflection
coils of the cathode ray tube monitor so that the beam in the microscope column
and the beam in the cathode ray tube are scanning the specimen and screen
respectively, in a synchronized manner. Thus, there is one-to—one relationship
between the position of the electron beam on the specimen and that of the spot
on the cathode ray tube. Intensity variation of the spot on the cathode ray tube
is controlled by the strength of the signal reaching the control grid. This signal,
which is generated by the electron detection unit, is a direct function of the
secondary electron emission developed through the interaction of the primary
electron probe and the specimen. It is the spot intensity variation that forms the

image on the cathode ray tube screen.
Once the chip root and the machined surface appear through the screen of the

SEM and, after focussing, a picture is taken with the desired magnification by a

camera incorporated to the SEM used in this investigation.
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5.1 VARIATION OF THE CUTTING FORCES WITH CHANGE 1IN

CUTTING SPEED

The variation of the vertical and horizontal cutting forces with change in cutting
speed is shown in graphical form in Figures 34, 35 and 36 for EN,, aluminium
and 70-30 brass respectively. The results of the cutting forces with the change of

the cutting speed are also given in tabulated form in Appendix III.

52 VARIATION OF THE CHIP THICKNESS RATIO WITH CUTTING

SPEED

The variation of the cutting ratio with change in cutting speed for EN g» aluminium

and 70-30 brass is shown in Figure 37.

5.3 VARIATION OF THE CUTTING FORCES WITH UNDEFORMED

CHIP THICKNESS

The variation of the vertical and horizontal cutting forces with change in the
undeformed chip thickness in cutting ENg, aluminium and 70-30 brass, is shown in
graphical form in Figures 38, 39 and 40 respectively. The results of the cutting
forces with the change of the undeformed chip thickness are given in tabulated

form in Appendix III.
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5.4 VARIATION OF THE CHIP THICKNESS RATIO WITH THE

UNDEFORMED CHIP THICKNESS

The cutting ratio variation with the change in the undeformed chip thickness is

given in Figure 41 for ENg, aluminium and the 70-30 brass.

5.5 VARIATION OF CUTTING FORCES WITH A CHANGE IN THE

RAKE ANGLE

Vertical and horizontal cutting force variation with change in the rake angle is
shown in Figures 42, 43 and 44 for EN,, aluminium and 70-30 brass respectively.
Results of the cutting forces with variation in rake angle are given in tabulated

form in Appendix III.

A\

5.6 VARIATION OF THE CHIP THICKNESS RATIO WITH A CHANGE

IN RAKE ANGLE

- The variation of the cutting ratio with a change in rake angle for EN,, aluminium

and the 70-30 brass is shown in Figure 45.

5.7 BUILT-UP-EDGE HEIGHT AND BUILT-UP-LAYER RESULTS

Results of the built-up—edge and built-up layer with variation in cutting speed are

given in Table 19.

Built-up-edge height is shown in Plates 14 and 15, and the built-up-layer is

shown in Plates 16 and 17.

;
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5.8 DEFORMATION ZONE MEASUREMENTS

Measurements of the primary shear zone width and the secondary shear zone are
presented in Tables 20 and 21. Plates 18 to 25 show the variation of the primary

shear zone width and the secondary shear zone with variation of the cutting speed.

59 COMPRESSION TEST RESULTS

Results of the compression test carried out in this investigation are presented in
graphical form. From the compression results obtained, true stress—strain graphs
are shown in Figures 46, 47 and 48 for EN,, aluminium and the 70-30 brass.
The value of ¢, in equation o, = o,eM is obtained as the engineering strain
¢ = 1, and is shown in the Figures 45, 47 and 48

- for ENg, o, = 940MN.m™2

- for aluminium, ¢, = 360MN.m™2

and

for the 70-30 Brass, o, = S90MN.m™?
The value of the strain hardening "n" is obtained from:
Log 0 = Log g, + n log ¢

10g(o-0,)
log ¢

thus n =
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6.1 INTRODUCTION

The prediction of the cutting forces, as described in Chapter 4, was carried out for

given values of

@) | cutting speed

(ii) undeformed chip thickness
and

(iii) rake angle.

The predicted cutting forces were determined using the semi—empirical model for

three workpiece materials, namely:

- ENg, medium carbon steel
- Aluminium

- 70-30 Brass

and were then compared to the experimental results obtained from machining tests

as described in Chapter 5.

6.2 VARIATION OF CUTTING FORCES WITH CUTTING SPEED

The predicted and experimentally measured cutting forces when machining the ENg
"and the aluminium are illustrated in Figures 34 and 35 respectively. From thése
figures it is shown that both the predicted and the experimentally obtained results
have similar trends (ie the predicted and experimentally measured cutting forces

decrease with an increase in cutting speed) but the predicted results are much
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higher in magnitude than those obtained experimentally.

The fact of the decrease in cutting forces with an increase in cutting speed
confirms results obtained by previous workers [10 to 13] and this fact is mainly
due to a rise in cutting temperature which increases the ductility of the workpiece

material.

When machining the 70-30 brass, it is shown that the experimentally measured
cutting forces (Figure 36) are independent of cutting speed. The independence of
cutting force and cutting speed when machining 70-30 brass was also shown by
J E Williams [40]. The predicted results with 70-30 brass are shown to decrease
with an increase in cutting speed and are much lower in magnitude than those

obtained experimentally.

6.3 VARIATION OF THE CHIP THICKNESS RATIO WITH CUTTING

SPEED

Figure 37 shows the variation of the chip thickness ratio with change in cutting
speed. The chip thickness ratio (Figure 37) increases with an increase in cutting
speed. This increase of the chip thickness is due to the decrease in chip thickness
(ie ro = t1/t,) which occurs as the cutting speed is increased as shown in Table

16.
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6.4 VARIATION OF THE CUTTING FORCES WITH THE

UNDEFORMED CHIP THICKNESS

Predicted and experimentally measured cutting forces with a change in the
undeformed chip thickness are illustrated in Figures 3§, 39 and 40 for EN,,
aluminium and 70-30 brass. Experimentally measured cutting forces in all cases
increase with an increase in the undeformed chip thickness.  The increase in
experimental cutting forces is mainly due to the increase in chip thickness which
occurs as the undeformed chip thickness is increased as shown in Figure 4. and
also shown in Table 17. This fact of the increased cutting forces with an increase

in the undeformed chip thickness was also shown previously [10 to 13].

Predicted cutting forces with the change in the undeformed chip thickness for EN,
and aluminium (Figures 38 and 39) show the same trend as the experimentally

measured cutting forces.

For the 70-30 brass, predicted results for the vertical cutting force show the same
trend with resutls experimentally obtained. However, predicted results obtained for
the horizontal cutting force show a different trend with the results experimentally
obtained for the horizontal cutting force shown in Figure 40. This led to a
verification of the assumptions made to the semi-empirical model used in this

investigation.
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6.5 VARIATION OF CUTTING FORCES WITH RAKE ANGLE

The effect of rake angle on the vertical and horizontal cutting forces is shown in
Figures 42, 43 and 44. It is clear that both forces decrease with an increase in

rake angle. Previous workers [36 and 37] had also shown this fact.

The decrease in cutting forces with an increase in rake angle is due to the
decrease in chip thickness which in its turn increases the chip ratio as shown in
Figure 45. A decrease in chip thickness is due to lower friction between the rake

face of the tool and the chip, thus a lower force is obtained.

6.6 ASSUMPTIONS MADE IN THE SEMI-EMPIRICAL MODEL USED IN
CHAPTER .
As discussed before in Chapter ., the semi-empirical model wused in this

investigation makes the following assumptions:

6)) the length to width of the primary shear zone "s," (which was found to
vary in the range of 6 to 14 [35 to 37] is assumed to have a constant

value of 10) where:

ty

sZ-As1 sin ¢ 10

the valué 10 being the mean of range (6 to 14).
From the foregoing comparisons of the predicted and experimentally obtained

results for the cutting forces, it was shown that there is a poor agreement between

the prediction of cutting forces and forces obtained from experiments.
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This led to an examination of the two major assumptions made in the
semi—empirical model of machining, namely that the primary shear zone had a

constant length to width ratio, and that the shear flow stress was constant.

It has been pointed out in Section 4.5 that earlier workers found the length to
width ratio of the shear zone to lie within the range 6 to 14; since "s," has an
effect on the hydrostatic stress "pg" (equation 3.6}, the predicted values of vertical
and horizontal cutting force were therefore recalculated and the results are shown

in Figures 49 to 52.

The hydrostatic stress "pg" affects the angle "8" (equation 3:10) which has a

strong influence on the resultant cutting force "R" calculated from equation 3-13.

In equation 3.4, the hydrostatic stress "pg" shown to decrease with an increase in

the ratio "s," and vis versa.
z

‘Therefore, in order to decrease the magnitude of the predicted cutting forces with
the case of the EN, and the aluminium shown in Figures 47 and 50, the ratio
"s," has then taken the maximum value 14 of the range 6 to 14. From 4% and
51 it is shown that the vertical cutting force found from prediction is similar to
that measured experimentally. However, the magnitude of the calculated horizontal

cutting force is much higher than the measured one.

In the case of the 70-30 brass the ratio "s," is taking the minimum value 6 of
the range (6 to 14), that is to increase the value of the predicted cutting forces.
From Figures 51 and 52 it is shown that there is an agreement in magnitude of

the predicted and measured vertical cutting force. Figure 52 shows that there is
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no agreement between the predicted and measured horizontal cutting force.

From the above discussion and changes in the values of the ratio, it is shown from
Figures 44 to 52 that the horizontal cutting force found from the prediction has

different values than the measured ones.

The horizontal cutting force is calculated from the angle of friction "A" (equation
-3:14) which is affected by the hydrostatic stress "pg", since "\" is calculated

(equation 3.I/) from the angle "8".

In order to improve the angle of friction "\", the hydrostatic stress has to be
improved. The hydrostatic stress "pg" is not only affected by the ratio "s,", it is
also affected by the change in shear flow stress "Ak" (equation 3.7). If "Ak" is
small the hydrostatic stress "pg" calculated from equation 3.6 has a relatively high
value and this means that the predicted cutting forces also have high values as is

the case with the EN, and aluminium (Figures 49 and 50).

In the case of the 70-30 brass, the change in shear flow stress "Ak" is greater
than with both EN, and aluminium (shown in Figure 53 and also shown in Tables

5 to 15), thus the predicted cutting force are lower than the measured ones.

Therefore the assumption of the ratio "s," is not the only reason for the poor

agreement between predicted and experimental results.

The other assumption which is made in the semi-empirical machining model is that
flow stress is constant, no allowance is made for the effect of temperture and

strain rate in machining which could also affect the predicted cutting forces (as the
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case with the change in the shear flow stress "Ak" on the hydrostatic stress "pg").

It is well established that cutting temperatures and strain rates in machining are
both very high. Cutting temperatures and strain rates both have a considerable
effect on the flow stress [41 to 44]. The flow stress data which allow for the
effect of temperature and strain rate encountered in machining are limited. The
only extensive flow stress data known is for plain carbon steel. The EN, is one
class of plain carbon steel, thus a model which incorporates the effects of

temperture and strain rate on flow stress is then described in the following chapter.
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CHAPTER 7

MACHINING THEORY ALLOWING FOR STRAIN-RATE AND TEMPERATURE

EFFECTS

7.1 Introduction
7.2 Analysis
7.3 Predicted Results
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7.1 INTRODUCTION

In the semi-empirical model of machining used in Chapter 3, the chip formation
process was represented by a single velocity discontinuity where the parallel-sided
plastic zone for primary shear is similar to a thin shear plane [45 to 47]. It has
also been mentioned that the semi-empirical model of machining the process of
deformation is mostly taken into account in the primary shear zone. For this
reason the mechanical behaviour was taken to be similar to that in using a simple
compression test, where the strain rate and the temperture effects are not
considered important. However, once the material has been sheared through the
primary shear zone to form a chip flowing parallel to the rake face of the tool, a
secondary shearing action is generally observed at the chip-tool interface. This
process has been confirmed by metalographic observations [45 to 48]. By
considering the two deformation zones .in this analysis -it -is found.  that the flow-
stress of the material being machined is a major consideration (as is vdiscussed

earlier in Chapter 2).
7.2 ANALYSIS

The model of the chip formation used in this analysis is shown in Figure 54;
plane strain, steady-state conditions are again assumed to apply (orthogonal

machining) as shown in Figure 30).

The plane AB (Figure 54) near the centre of the chip formation zone, which is
found from the same geometric construction as for the shear plane in the shear
plane model of chip formation [48] and the tool-chip interface, are both assumed

to be directions of maximum shear stress and maximum shear strain rate.
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The basis of the theory is to analyse the stress distribution along the plane AB
and along the tool-chip interface in terms of the shear angle "p" and work
material properties. The shear angle is found from equation 3.1. Once "p" is
known then the chip thickness and the various components of force are determined

from the following geometric relations (as shown in Appendix I).

t, = t, cos(p-a)/sin ¢

Fo = R cos(\-c)

F, = R cos(A\—a)

Fp, = R cos(\-a)

F = R sin A (7.1)

N = R cos A

Fg kap - t, . W

cos 8 sin ¢ cos 8

where:
t, is the undeformed chip thickness,
w : is the width of cut
kag : ‘is the shear flow stress along AB

and the forces and angles are as defined before.

By starting at the free surface just ahead of A and applying the appropriate stress
equilibrium equation along AB it can be shown that for 0 < ¢ < 7%/,, the angle

6 made by the resultant "R" with AB is given by

tan 6 = 1 +2[§-¢] - Cn (7.2)
where:
C : is the constant in the empirical strain rate relation (Stevenson and
Oxley [46])
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vAB = CVg/L (7.3)

where:
YAB : is the maximum shear strain rate at AB
Vg (Figure 54) is the shear velocity
L : is the length of AB |
and
n : is the strain—hardening index in the empirical stress—strain relation
o =0, el (7.4)
where:
o and ¢ : are the axial flow stress and strain
and
g, and n : are "constants” which define the stress—strain curve for given

values of strain rate and temperature.

From geometry of Figure 54, the angle 6 can also be expressed in terms of
another angle by the equation:

8=p+\-a« (7.5)
The temperature at AB which is needed together with the sfrain rate and strain at

AB to determine "kag" and "n" is found from the equation

1-8 Fg cos o
Tap = Tw + 7 pSt,.w * cos(p-o) (7.6)
where:
Ty is the initial work ‘temperature
Fg : is the shear force along AB
7(0<y<1) : is a factor which allows for the fact that not all of the

plastic work of chip formation has occurred at AB
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p and S : are the density and specific heat of the work which is
estimated from the following empirical equations based on a

compilation of experimental data made by Boothroyd (1963)

[22]
B = 0.5 - 0.34 Ig(RT tan o) for 0.04 < RT tan ¢
B = 0.3 - 015 IgRT tan ) for Ry tan o > 10 a1
with RT a non-dimensional thermal number given by
Rt = pSut,/k (7.8)
where
k : is the thermal conductivity of the work material. The limits 0 <
g <1 aré also imposed.
The strain at AB is given by:
1 cos o
2 (7.9)

YAB = sin p cos(p-a)
The average temperature at the tool-chip interface from which the average shear

flow stress at the interface is determined is taken as:

1-8 Fg.cos o T 7 10
Tine = Ty + pSt,.w ° cos(p-a) + ¥y (7.10)
where:
™ : is the maximum temperature rise in the chip

and the factor ¢y (0 < ¢ < 1) allows for "Tj,¢" being the average value. Using
numerical methods Boothroyd (1963) [22] has calculated "TM" by assuming a
rectangular plastic zone (heat .source) at the tool chip interface and has shown that

his results agree well with experimentally measured temperatures. [49].
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If the thickness of the secondary plastic zone (as it is defined in Chapter 2 Section
4) is taken "5t,", where "§" is the ratio 6f this thickness to the chip thickness

"t,", then Boothroyd's results can be represented by the equation

1g[;-§] ~ 0.06 - 0.1958[RT:2]% +0.5 lg[RT;’] (7.11)
where:
Te ¢ is the average temperature rise in the chip, given by the following
equation:
T = Fusin ¢/p.S.t,.w cos(p=0) (7.12)

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

(7.13)

t,.cos ¢ ; c.n
cos X\ sin ¢ [ + 3{142 x/4 - ) - c.n]]

The above equation is derived by taking moments about B of the normal stresses
on AB (shear plane) to find the position of "R" and then assuming that the
normal stress distribution at the tool face is uniform so that "R" intercepts the tool
at a distance 1/2h from B. The maximum shear strain rate at the tool—chip
interface, which is also needed in determining the shear flow stress is found from
" the equation
vint = V¢/bt, (7.14)
where:
v : is the rigid velocity of the chip as shown in Figure 54.

This implies that the sliding velocity at the cutting face is zero, that is, that
seizure has occurred in the tool-chip contact region. This is consistent with the
findings of Trent (1977) [50] who has shown, using optical and electron microscopy
to examine the chip and tool sections, that the contracting surfaces are, for most
practical machining conditions, interlocked with adhering metal penetrating all
irregularities in the tool surface. However, for steady-state conditions as assumed

in the previous analysis as well as in this method of analysis, the material must
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leave the tool—chip interface plastic zone (ie secondary shear zone) with a velocity
consistent with the rigid body motion of chip and the sliding velocity cannot be
zero over much of this region. It can, however, be much smaller than the chip
velocity over much of this region as can be deduced [16] from using a slip line
field similar to that suggested by Roth and Oxley (1972) [19]. With fields of this
" kind the sliding velocity increases in moving along the cutting face away from the
cutting edge B (Figure 54) and can have very low values, approaching zero value,
while the wvelocities at the plastic zone boundary are still consistent with the rigid
body motion of a rotating (curled) chip. The associated flow shows similar
features to those resulting from seizure with, in particular, the layer of chip
material in contact with the tool greatly swept back (retarded) relative to the rest
of the chip. Therefore, although equation (7.14) will overestimate ’;’int and the
cutting face will not be exactly a direction of maximum shear strain rate, and
hence maximum shear stress, because there is a direct strain rate in this direction,
the differences will usually be smaller and can for the purposes of the analysis be

neglected.

The above equationS used in this analysis are now sufficient to calculate cutting
forces and temperatures for given cutting conditions, so long as the appropriate
work material properties and the values of "C" in (7.2) and (7.3), the value of
"s" in (7.11) and (7.14) are known. The resolved shear stress at the tool—chip
interface is calculated in this method of analysis from the resultant cutting force
obtained from the stresses on AB, that is

Tint = F/(h.w) (7.15)

In this theory the values of "C" and "6" in eqations (7.3) and (7.14) respectively

have been assumed to remain constant over a range of cutting conditions for plain
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carbon steel have been taken, on the basis of experimental results [30], as 5.9 and
0.05 respectively. To determine "C", Oxley and Hastings (1976) [37] considered
the stress boundary condition at the cutting edge B which had previously been

neglected.

For a uniform normal stress at the interface the average normal stress is given

oN = N/h.w (7.16)

The above stress can also be found from the stress boundary condition at B found
by working from A along AB. If AB turns through the angle (p-c) (in negligible
distance) to meet the interface at right angles, as it must do if the interface is

assumed to be a direction of maximum shear stress, then it can be shown that
on/kap = 1 + 5 - 2a - 2C.n (7.17)

and the value of "C" can be determined from the condition that oy and opy must
be equal. It has been shown by Oxley and Hastings [37] that the values of "C"

and "$" predicted in this way are in good agreement with experimental results.

7.3 PREDICTED RESULTS FROM THE MACHINING MODEL

ALLOWING FOR STRAIN RATE AND TEMPERATURE EFFECTS

In making predictions (of the method of analysis allowing in the machining model
for the strain rate and temperature effects) the flow stress and thermal properties
of the work material had to be known. The flow stress properties were
represented by the values of "¢," and “n" which define the stress—strain curve in
(7.4) and which were taken to be functions of a wvelocity modified temperature

"Tmod" expressed as shown in Figure 55.
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Tmod = T(-» Ig ele,) (7.18)

where:
T(k) : is the temperature
€ : is the direct strain rate and
v and ¢ are constants.

0

Figure 56 gives o, and n values corresponding to the chemical composition (ie
0.41%C) of the work material being used with the present theory (with "Tp,oq"
calculated taking » = 0.09 and e, = 1s™'). These were obtained from the results
of high speed compression tests carried out ~over a wide range of temperatures
done by Oyane et al (1967) [51]. The specific heat "S" and thermal conductivity
k needed in the calculations were obtained from the experimental results of
Woolman and Mottram [52]
S/(r.Kg~1.K~1) = 420 + 0.504 T/'C (7.19)

and

K/(Wm~12 K~1) = 52,61 - 0.0281 T/°C (7.20)

The density p of the work material is assumed constant and taken as 7862 Kg/m3.

In making calculations (method II) for given values of cutting speed, undeformed
chip thickness and rake angle, the following procedure is wused. Initial work
temperature “"Ty" takes the value of Ty, = 20°C. For a given value "5" (the
equilibrium 7j5¢ = Kcpjp) values of "6" are found for a range of values of "C"
[53] and the required value "C" is determined from the condition on = crl']- This
is repeated for different values of "6" and the final solution of cutting forces is

taken at the values of which maximises "Tyoq" and thus minimises "Kcpip".
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In the calculation described here the temperature factors % and ¢ in equations
(7.6) and (7.10) were both taken as 0.7 [53] based on the finite element

determinations of temperature by Tay et al [54].

Predicted results, covering the same range of conditions as used in the experiments
for the cutting forces are represented by the : - lines in Figures 56, 57 and S58.
Predicted results taken from this theory are also shown in Tables 29, 30 and 31 in

Appendix III.
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CHAPTER 8

CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE WORK

8.1 Conclusions

8.2 Recommendations for Future Work
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8.1

CONCLUSIONS

A semi-empirical model of machining has been used to predict the cutting
forces which exist when machining medium carbon steel, aluminium and 70-30
brass. The effects of cutting speed, undeformed chip thickness and rake angle
have been examined. Predicted and experimentally obtained values of cutting

force show relatively poor correlation.

The length to width ratio of the primary shear zone, "s,", was found to
differ with each workpiece material, but was shown to exert only a small

effect on the magnitude of the predicted cutting forces.

The change in the shear flow stress in the primary deformation zone "Ak"
exerts a strong influence on the magnitude of the hydrostatic stress "pg"
which, in turn, has a major effect on the cutting forces predicted by the

semi-empirical model.

A modified model of machining which allows for the effects of strain-rate and
temperature on the flow stress of the workpiece material has been used to
predict cutting forces. This method (Chapter 7) produced close accord
between experimental and predicted results, but due to the lack of data for

other materials, was restricted to medium carbon steel.
The absence of high strain-rate data for aluminium and brass, and restriction
of the velocity-modified temperature approach to low and medium carbon

steels, places a severe restriction on the semi-empirical method.
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8.2

RECOMMENDATIONS FOR FUTURE WORK

In order to overcome the restrictions of the machining model discussed in
Conclusion 5 above, it is proposed that the flow stress properties of a range
of workpiece materials can be obtained at strain rates similar to those

occurring during machining (ie 104-106sec™1).
Data of the required type could be obtained using a ballistics rig of the kind
available in the Department of Mechanical and Production Engineering,

Sheffield City Polytechnic.

The effect of temperatures up to ~ 800°'C on the flow stress properties should

also be investigated.
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FIGURE 3 : Orthogonal machining with the lathe method
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FIGURE 4 : Section through the tool and chip
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FIGURE 5 : Rake Angle Sign
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FIGURE 6 : Shear plane model of chip formation
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FIGURE 7 : Continuous chip type
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FIGURE 8 : Continuous chip with built-up-edge type
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BUILT-UP

FIGURE 9 : Cycle of built-up-edge and break-down
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FIGURE 10 : Built-up-edge occurrence
Ref[5]
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PRIMARY SHEAR ZONE

<

FIGURE 13 : Shear zone model
Ref [17]

SECONDARY SHEAR

SPEED

FIGURE 14 : Slip field model
Ref [18]

FIGURE 15 : Deformation zone model

Ref [19]
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FIGURE 16 : Generation of heat in orthogonal cutting
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FIGURE 17 : Temperature distribution in workpiece and
chip during orthogonal cutting for free

cutting mild steel
[Ref 22]
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44LLr - INSULATED SURFACE

FIGURE 18 : Idealized model of cutting process
employed in theoretical work on cutting
temperature Ref [23-26]
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FIGURE 19 : Effect of R tan @ on division of shear-zone
heat between chip and workpiece where
R = thermal number and § = the shear angle
0, experiments ; continuous line ’
(theoretical) Ref [27]

- 81 -




700

/
(ii) —1
600 |
e

500 T

e
L 400 P
® (i)
2300
[0}
P et
£:200
(]
=
100

0 0.4 0.50.6 0.8 1.0 2.0 3.0 4.0 5.0

Cutting speed U [m/s]

FIGURE

20

Effect of cutting speed on cutting

temperatures (theoretical)

(i) mean shear zone temperature

(ii) maximum tool face temperature

Ref [28]

- 82 -




1750

1500

1250

1000

Maximum Temperature T-K

~
(%2
o

. s
/
Tj ’/,//
/
-
-
0. 400 800 1200

Cutting speed U ft/min

FIGURE 21 Variation in tool-chip interface
temperature with cutting speed
t:y = 0.0037 inches Ref [29]
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FIGURE 22
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with cutting speed ti = 0.0037 inches
Ref [29]
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FIGURE 23 : Variation in tool-chip interface
temperature with depth of cut

U = 542 ft/min Ref [29]
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FIGURE 24 : Variation in shear zone temperature
with depth of cut U = 542 ft/ins
Ref [29]
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FIGURE 25 : Shear plane model of analysis
Ref [13]

FIGURE 26 : The diagram of forces
Ref [13]
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(a) Slip line field

(b) Element of shear zone

FIGURE 27 : Shear plane model

(a) Slip line field
(b) Element of shear zone
Ref [30]

- 86 -



FIGURE 28 : Model of analysis presented by Okushima
and Hitomi Ref [31]
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FIGURE 29 Idealized shear flow stress-strain curve
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FIGURE 32 : Plain strain section
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WORK

FIGURE 54 : Model of chip formation
Ref [47]
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