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ABSTRACT

Pure oblique cutting experiments with conventional cutting tools as well as ultra-sharp
tools have been carried out under a wide range of cutting conditions using a linear slide based
cutting set-up. The chip flow direction was measured using the 3D Digital Image Correlation
(DIC) technique of high-speed stereoscopic images and the frictional force direction was
determined from forces. It is estimated that the error in chip flow angle measurements using
DIC, was approximately r 1°, as was the error in friction force direction measurements from
forces. An increasing trend of the angles with an increase in feed and a decreasing trend of the
angles with an increase in speeds were observed. It was found that under many conditions, there
is a significant difference between the chip flow direction and the friction force direction. This
difference decreases with increase in friction co-efficient and with increasing sharpness of the
cutting edge.However, with ultra-sharp microtome knives there is a small but finite difference
between the chip flow direction and the friction force direction. By the use of DIC to measure the
chip flow angle at different points along the back of the chip, it is found that there was no
variation in chip-flow angle over the width of the chip.

vi

TABLE OF CONTENTS

Chapter
1.

Page

INTRODUCTION ...............................................................................................................1
1.1 Chip Flow Angle in a Three-Dimensional Cutting Process........................................2
1.2 Objective .....................................................................................................................4
1.3 Thesis Organization ....................................................................................................5

2.

LITERATURE REVIEW ....................................................................................................6
2.1 Chip Flow Direction ...................................................................................................6
2.1.1 Importance of Chip Flow Direction in Chip Control Research ......................6
2.2 Review of Experimental Studies of the Chip Flow Angle .........................................8
2.2.1 Evaluation of Chip Flow Angle from Direct Measurement............................8
2.2.2 Evaluation of Chip Flow Angle from Chip Geometry Measurement...........11
2.2.3 Evaluation of Chip Flow Angle from Force Measurement ..........................12
2.2.3.1 Deviation between Chip Flow Direction and Friction
Force Direction ..............................................................................13

3.

METHODOLOGY ............................................................................................................16
3.1 Pure Oblique Cutting ................................................................................................16
3.2 Experimental Details.................................................................................................20
3.3 Experimental Procedure for Obtaining Chip Flow Direction from DIC ..................24
3.3.1 Image Acquisition System Interfaced with Laser System ............................24
3.3.2 Acquisition of Stereoscopic Images..............................................................26
3.3.3 Error Estimation for Chip Flow Angle Measured by DIC............................31
3.4 Experimental Procedure for Obtaining Friction Force Direction .............................35
3.4.1 Calibration of the Dynamometer ..................................................................35
3.4.2 Error in Force Measurement .........................................................................38
3.4.3 Measurement of Friction Force Angle..........................................................42
3.5 Experiments ..............................................................................................................44

4.

RESULTS AND DISCUSSION ........................................................................................46
4.1 Effect of Friction Coefficient (P) at Chip Tool Interface
on Chip Flow Angle..................................................................................................49
4.2 Experimental Analysis of Deviation between Chip
Flow Angle (KC) and Friction Force Angle (KF).......................................................51
4.2.1 Effect of Cutting Edge Radius on (KC) and (KF) ...........................................52
4.2.2 Effect of “Improper Shearing” Area on Chip Flow Angle ...........................56

vii

4.2.3
4.3
5.

Study of Effect of Edge Radius on the Deviation between
Chip Flow Angle (Kc) and Friction Force Angle (Kf) ...................................59
Measurement of Chip Flow Angle from Chip Width Technique .............................59

CONCLUSIONS AND FUTURE WORK ........................................................................62
5.1 Conclusions...............................................................................................................62
5.2 Future Work ..............................................................................................................63

LIST OF REFERENCES...............................................................................................................65
APPENDICES ...............................................................................................................................68
A. Circuit for Triggering Laser Pulses Externally ..........................................................69
B.

Digital Image Correlation (DIC) ................................................................................71

C.

Measurement of Friction Force Angle from Acquired Forces...................................81

D. Characterization of Cutting Tools..............................................................................86
E.

Ball Drop Test to Measure the Natural Frequency of
the Force Measuring System.....................................................................................90

F.

Resolving the Indentation Component of the Cutting Forces ...................................91

G. Comparison of the Inclination Angle Obtained from DIC
and the Angle Set in the Rotating Swivel ..................................................................93

viii

LIST OF TABLES

Table

Page

3.1

Nomenclature Used for Different Cameras and their Wavelengths ..................................25

3.2

Angle I Made By the Chip Back Surface to the Rake Face Plane ....................................32

3.3

Comparison of Actual Angles with Measured Angles Using DIC ....................................33

3.4

Difference in Measured Chip Flow Angles for Different Conditions from Two
Instantaneous Stereo Pairs .................................................................................................35

3.5

Error in Measuring the Friction Force Direction from Forces...........................................36

3.6.A Comparison of Actual Force with Measured Force when Slide is Stationary ...................40
3.6.B Comparison of Actual Force with Measured Force when Slide is Moving
at a Linear Speed of 0.1m/s................................................................................................41
3.7

Test Matrix for Initial Oblique Cutting Experiments ........................................................45

3.8

Test Matrix For Oblique Cutting Experiments Using Ultra-Sharp Tool ...........................45

4.1

Predicted Values of Chip Flow Angle and Magnitude of DIC at
Different Locations on Chip to Study the Effect of “Improper Shearing”
Area on Chip Flow Direction.............................................................................................58

4.2

Calculated Values Of Theta, T (Deg) From Dic And Forces While Cutting
Al6061 And Lead Using Ultra-Sharp Tool........................................................................58

G.1

Comparison of the Inclination Angle Set in the Rotating Swivel with the
Angle Measured Using DIC Technique.............................................................................93

ix

LIST OF FIGURES

Figure

Page

1.1

Comparison of orthogonal and oblique cutting process .......................................................1

1.2

Plan view of a cutting with an inclination ............................................................................2

2.1

Representative chip types .....................................................................................................7

2.2

Plan view of oblique cutting process ...................................................................................11

3.1

Schematic of oblique cutting ...............................................................................................17

3.2

Schematic of oblique cutting showing a shift in the equivalent plane.................................19

3.3

Schematic of experiment set up for pure oblique cutting on the linear side........................21

3.4

Tool holding setup for oblique cutting experiments ............................................................21

3.5a

Overall and zoomed views of linear slide............................................................................22

3.5b

Overview of the experiments setup for the oblique cutting experiment..............................23

3.6

Output of linear encoder ......................................................................................................24

3.7

Schematic showing the arrangement of the stereo microscopes, four dual
Frame cameras and dual cavity lasers..................................................................................26

3.8

Ultra high speed camera aligned to view the chin formed while cutting pure
Lead using an ultra sharp micro tool....................................................................................27

3.9

A typical frame obtained from ultra high speed camera cutting Al 6061-T6......................28

3.10

Timing diagram of all the lasers(blue, red, green and orange) ............................................29

3.11

DIC process by which the velocity vectors are obtained for cutting lead at 0.1m/s
With sharp 35deg tool and 20deg I ......................................................................................30

3.12

Marked lines with known angles placed on the rake face plane..........................................33

3.13

Comparison of the actual angles with averaged measured angles using DIC .....................34

3.14a Calibration curve for the dynamometer while loading along the X direction .....................36

x

3.14b Calibration curve for the dynamometer while loading along the Y direction .....................37
3.14c Calibration curve for the dynamometer while loading along the Z direction......................37
3.15

Response of the X,Y and Z channels of the dynamometer to a load of 20N
Force along Z direction close to the tool tip ........................................................................39

3.16

Comparison of the raw forces with the filtered forces using low pass
Butterworth filter .................................................................................................................39

3.17a The raw forces when a load of -0.98N force acting along Y direction
And with the slide moving at a speed of 0.1m/s ..................................................................39
3.17b Comparison of the raw forces with the filtered forces when a load of -0.98N
Force acting along Y direction and with the slide moving at a speed of 0.1m/s .................40
3.18a Comparison of actual force with the measured force when the linear
Slide is stationary.................................................................................................................41
3.18b Comparison of actual force with the measured force when the linear
Slide was moved at a linear speed of 0.1m/s .......................................................................42
3.19

Cutting force component acting on a lamina parallel to the equivalent plane.....................44

4.1

Effect of feed on chip flow angle and friction force angle while cutting lead
At 1m/s with a tool set at 10deg Įn and 20deg i..................................................................47

4.2

Effect of speed on chip flow angle and friction force angle while cutting lead
With a tool set at 10deg Įn and 20deg i and a feed of 100μm ............................................47

4.3

Effect of feed on chip flow angle and friction force angle while cutting Al 6061
At 1m/s with a tool set at 10deg Įn and 20 deg i.................................................................48

4.4

Effect of speed on chip flow and friction force angle while cutting Al 6061 with
A tool set at 10deg Įn and 20 deg i and a feed of 100μ ......................................................48

4.5

Comparison of chip flow angle and friction force direction for lead and Al 6061
As a function of feed............................................................................................................49

4.6

Comparison of chip flow angle and friction force angle while cutting lead at 1m/s
With a tool set at 10deg Įn and 20deg i, with and without lubricant ..................................50

4.7

Comparison of chip flow angle and friction force angle while cutting lead by
Varying speed with a tool set at 10deg Įn and 20deg i, with and without lubricant...........50

xi

4.8

Effect of lubrication coefficient on the chip flow angle and friction force direction
When feed is changed .........................................................................................................51

4.9

Effect of friction coefficient on the chip flow angle and the frictionforce direction
When speed is changed........................................................................................................51

4.10

Friction coefficient vs. chip flow angle and friction force direction obtained
By collating the data from all the cutting experiments ........................................................52

4.11

Deviation between the chip flow angle, obtained from DIC and the friction
Force direction while cutting lead with different feeds using the ultra sharp
Tool ......................................................................................................................................54

4.12

Deviation between the chip flow angle, obtained from DIC and the friction force
Direction while cutting Al 6061-T6 with different feeds using the ultra sharp tools ..........54

4.13

Deviation between the chip flow angle obtained from DIC and the friction force
Direction while cutting lead under different feeds after removing the indentation
Component from the force components...............................................................................55

4.14

Deviation between the chip flow angles obtained from DIC and the friction force
direction while cutting Al 6061-T6 under different feeds after removing the
indentation component from the force components.............................................................56

4.15

Deviation between the chip flow angles obtained from DIC and the friction force
Direction while cutting Al 6061-T6 under varying inclination angles ................................57

4.16

Image showing the three different sections A, B and C to investigate the variation of
Chip flow angle at various region of the back side of the chip............................................58

4.17

Effect of edge radii on the deviation between chip flow angle and friction force angle .....60

4.18

Measurement of Chip width using a measuring microscope ...............................................60

4.19

Comparison of chip flow angle measured using different techniques while cutting
Lead using an ultra sharp edge tool .....................................................................................61

4.20

Comparison of chip flow angle measured using different techniques while cutting
Lead using a blunted edge tool ............................................................................................61

A.1

Circuit diagram used for circuit to trigger laser pulses externally.......................................69

A.2

Pin out diagram of LM324N comparator used in the Schmitt triggering circuit.................70

A.3

Actual set up showing the triggering circuit installed on the linear slide............................70

xii

B.1

Flat calibration plate ............................................................................................................72

B.2

Typical process tree showing all the operations involved in obtaining vector
field of chip flowing over rake face.....................................................................................73

B.3

The screen shot showing the window for carrying out the 3D correlation of the time
series to obtain the 3D Surface height .................................................................................75

B.4

The screen shot showing the window for carrying out the image preprocessing
to enhance the images ..........................................................................................................75

B.5

The screen shot showing the window for starting the wizard dialog to determine the
initial approximation of the 3D surface ...............................................................................76

B.6

The screen shot showing the window for carrying out an iterative surface adaptation of
the start surface to obtain the 3D surface.............................................................................76

B.7

Pictorial representation of the 3D surface height calculation ..............................................77

B.8

The screen shot showing the window for carrying out a deformation time series to
calculate the displacement vectors on the back surface of the chip.....................................77

B.9

Tool rake face plane and nomenclature used to calculate chip flow angle from average
velocity vectors ....................................................................................................................79

C.1

Corrected forces acquired from the dynamometer...............................................................81

D.1

Profile of a +10° rake face plane seen under a 3D Interferometric profilometer ................86

D.2

Projected 2D profile of the high rake sharp tool seen under a profilometer........................88

D.3

3D view of the edge radius of the 35° rounded-edge tool used for oblique cutting
Experiments .........................................................................................................................89

D.4

XY profile across the cutting edges of the 35° rounded-edge tool used for
oblique cutting Experiments ...............................................................................................89

E.1

Vibration measured using dynamometer when a half-inch diameter steel ball
was dropped over dynamometer close to tool tip ..............................................................90

F.1a

Feed vs. Cutting force (Fx) while cutting Al6061-T6 using a blunt-edge tool with an
edge radius of the order of 25Pm.........................................................................................91

F.1b

Feed vs. Radial force (Fy) while cutting Al6061-T6 using a blunt-edge tool
with an edge radius on the order of 25Pm ...........................................................................91

xiii

F.1c

Feed vs. Thrust force (Fz) while cutting Al6061-T6 using a blunt-edge tool
with an edge radius of the order of 25Pm............................................................................92

xiv

CHAPTER 1
INTRODUCTION

In an orthogonal cutting process, the cutting edge of the tool is at right angles to the
cutting velocity, as shown in Figure 1.1.(a). In oblique cutting this is not the case. The distinct
parameter for a three-dimensional oblique cutting operation is its inclination angle i, also known
as the angle of obliquity The inclination angle, i, is the angle between the cutting edge of the tool
and the direction perpendicular to the cutting velocity, as shown in Figure 1.1.(b). The chip flow
angle, K, is measured between the normal to the cutting edge of the tool and the chip flow
direction along the rake face plane, as shown in Figure 1.1.(b). The Plan view of a cutting tool
with an inclination angle “i” is shown in Figure 1.2. In orthogonal cutting, the geometry of the
chip is fixed once the shear angle is known. In oblique cutting, the chip flow angle and the shear
plane angle are two independent quantities that determine the geometry of the chip.

Tool
K

90°

Work

Figure 1.1. Comparison of orthogonal and oblique cutting processes (a) orthogonal cutting
process, (b) oblique cutting process with an inclination angle of “i” (Shaw, 1984).
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1.1 Chip Flow Angle in a Three-Dimensional Cutting Process
Apart from being a fundamental quantity that needs to be established by any predictive
model of oblique cutting processes, the chip flow direction is also important for chip control
research. Owing to the importance of the chip flow angle, researchers over the years have tried to
predict the chip flow direction using different analytical and experimental techniques.

Figure 1.2. Plan view of a cutting tool with an inclination angle “i” (Shaw, 1984)
In 1944, Merchant, analytically showed that the chip flow angle is equal to the inclination
angle. Later, Stabler (1951) verified Merchant’s result experimentally and came up with a rule
that has come to be known as Stabler’s chip flow rule, which states that the inclination angle is
equal to the angle of obliquity. Later it was noted that the above rule holds good only for lower
rake angles (Armarego and Brown, 1969) and was modified by Stabler (1964). Many researchers
(Hu et al., 1986; Chandarasekaran et al., 1995) have developed models for the oblique cutting
process based on this well-known Stabler’s rule. Recently, Adibi-Sedeh et al., (2002) refined the
friction model and developed a generalized upper bound analytical model coupled with energy
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minimization to predict the chip flow direction. This analysis has been successful in explaining
the experimental observation pertaining to the relatively larger effect of the normal rake angle on
the chip flow angle and the cutting forces as compared to the effect of the equivalent rake angle
(Adibi-Sedeh et al., 2002).
As a part of the validation for the above model, experiments were conducted on a highspeed, high-rigidity lathe under a wide range of cutting conditions, including different inclination
angles and rake angles, and the force components were measured using a dynamometer to obtain
the resultant force. This resultant cutting force was projected on to the rake face to obtain the
friction force, and the direction of the friction force was taken to be one measure of the chip flow
direction. High-speed photographic observations of the chip flow over the rake face were also
carried out to directly measure the chip flow direction (Singh, 2004). Surprisingly, under many
cutting conditions, significant deviations were noted between the chip flow directions measured
by the two techniques (Singh, 2004).
Earlier, Shaw et al., (1952) had also found that the projection of the resultant cutting
force had a significant deviation from the chip flow angle. In their study, the chip width was
measured and the chip flow angle was inferred. Another study was carried out by Lin and Oxley
(1972) in which the chip flow angle was measured by observing the wear scar on the rake face of
the tool using a Nikon shadowgraph projector. In their study, it was noted that there is a
discrepancy between the frictional force direction and the chip flow direction .One common
reason proposed for the deviation is that the cutting forces are not just the result of the interaction
between the chip and the rake face of the tool, but also a product of the interaction along the
cutting edge.
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1.2 Objective
It would be highly significant if it can be demonstrated that the frictional force need not
always be along the chip flow direction while using ultra-sharp cutting tools so that the contact
between the work piece and the chip is only along the rake face plane. Thus, the objective of this
research was to check whether there could be a significant deviation between the sliding
direction of the chip over the tool rake face and the friction force direction, and to explore the
effect of process conditions on any deviation that may be observed.
The specific aims of this research were as follows: (1) to carry out pure oblique cutting
under a wide range of cutting conditions, including using ultra-sharp tools (2) to measure the
cutting force and the chip flow direction by direct observation, (3) to check whether the chip
flow direction and the friction force direction could be significantly different by margins larger
than that attributable to experimental error, and, (4) to explore possible reasons if there is a
significant difference.
In order to achieve pure oblique cutting, a special setup was developed around a linear
slide. The setup was designed to present stationery cutting tools at different rake and inclination
angles and measuring the cutting forces by the movement of a workpiece held and moved by the
linear slide. Cutting experiments were carried out with ultra-sharp cutting tools as well as tools
with finite edge radii under a range of inclination angles and rake angles, feeds, speeds and work
piece materials. For each case, the chip flow direction over the rake face of the tool was directly
measured using stereoscopic ultra high-speed photography and 3D digital image correlation
(DIC). The friction force direction and the actual coefficient of friction for all the experiments
were also calculated from the measured forces along the three orthogonal directions. The
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uncertainty of each of these measurements was characterized and the chip flow angle and friction
force angle were compared.
1.3 Thesis Organization
In chapter two, a thorough study of the previous literature on the chip flow angle
measurement under oblique cutting conditions is provided. Chapter three discusses, in detail, the
experimental setup for pure oblique cutting and the methodology used to determine the chip flow
angle and the friction force angle. Results are presented and discussed in chapter four, and
conclusions and suggestions for future work are given in chapter five.
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CHAPTER 2
LITERATURE REVIEW
2.1.

Chip Flow Direction
Cutting processes can be classified in terms of their geometric complexity, predominantly

two-dimensional (orthogonal) processes and three-dimensional (oblique) processes. As noted in
Figure 1.1, the inclination of the cutting edge with respect to the velocity vector of the incoming
work piece material determines this (Shaw et. al., 1952). The chip flow angle is an important
factor in machining and, along with the chip curl, can determine the morphology of chips
produced. Models for oblique cutting need to predict the chip flow direction since it plays a vital
role in accurately predicting the cutting forces (Hu et al., 1986).
2.1.1. Importance of Chip Flow Direction in Chip Control Research
An important reason for knowing the chip flow direction is for the design of effective
chip breakers. The form of chips produced in machining plays a very important role since it is a
key practical problem affecting the following (Shaw, 1984):
a.

The safety of personnel.

b.

Possible damage to the equipment and products.

c.

Handling of chips.

d.

Cutting forces, temperatures and tool life.

Figure 2.1 shows some of the representative chip types formed while machining and how chip
breakers are effective in avoiding continuous chips.
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Figure 2.1. Representative chip types:(a) straight continuous ribbon (i=0, Kc
=0); (b) wandering continuous ribbon (i=0, Kc variable); (c) washer- type
chip (i=0, variable speed along cutting edge); (d) c-type chip (i=0, encounters
as-yet-uncut surface); (e) short ‘ear’ type chip; (f) long ‘ear’ type chip; (g)
coil-type chip; (h) tubular helix (i positive plus curl, large depth of cut b); (i)
spring –type chip (i positive plus curl, small depth of cut b); (j) Conical Helix
(combination of (c) and (h)—common for drill), (k) Combination of (c) and
(d) (i not equal to 0); (l) Connected C-type chips (Shaw, 1984).
The primary reasons for all tools to be designed with chip breakers or chip breaking
grooves is to control chip flow. “One approach to chip breaker design is the data bank approach
where a predetermined chart provides empirical chip breaking results for a given work material”
(Shaw, 1984). Many researchers proposed various such charts relating various combinations of
cutting parameters to the type of chips formed. One such study was illustrated by Fang (2002).
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Fang (2002) presented a new model of chip curl and validated his results experimentally
by cutting metal tubes using flat-faced tools and by varying the feed. The combination of the up
curl and side curl was shown to result in a helical chip, which is conical in shape. Fang showed
that four variables, namely, the up curl, side curl, lateral curl, and chip flow angle together
determine the chip form (Fang, 2002). In addition, it is important to know whether the friction
force direction is along the direction of the chip flow in order to predict the force component in
oblique cutting models (Adibi-Sedeh, et al., 2002).
2.2.

Review of Experimental Studies of the Chip Flow Angle
Since many practical machining processes are actually three dimensional in nature and

knowing the importance of the chip flow direction, a great deal of attention has been given this
topic by a number of researchers throughout the world. Different empirical, analytical, and
experimental approaches were carried out in order to measure the chip flow direction for an
oblique cutting condition. The approaches adapted for evaluation of the chip flow angle can be
broadly classified into three types: direct measurement, chip-width measurement, and friction
force direction measurement.
2.2.1. Evaluation of Chip Flow Angle from Direct Measurement
Direct measurement is one of the techniques where the chip flow angle evaluated during
cutting or from the record of the chip flow during cutting. The earliest studies on threedimensional cutting processes were conducted by Merchant. Merchant (1944) used the principle
of minimum shear strain in the chip and showed the chip flow angle to be equal to the inclination
angle of the tool. This was later verified empirically by Stabler (1951) and came to be known as
Stabler’s chip flow rule (Șc = i). The initial method used by Stabler to measure the chip flow
angle, was to stop the cut on a shaper machine and scribe lines along the side of the chip on the
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tool rake face and consider this to be the chip flow direction. The accuracy of this technique was
limited due to the potential change in the chip flow direction as the cut is stopped. Later, an
accurate method was employed by Stabler where a 35 mm still camera was placed with its axis
normal to the tool face and froze the cutting images using an electronic flash. The images
obtained were later projected onto a screen to measure the chip flow direction. From a series of
experiments, Stabler (1964) proposed a modified flow rule, Șc = k* i, where k varies from 0.9 to
1.0, based on the work material and cutting conditions. But Stabler’s original chip flow rule, on
account of its simplicity, continues to be taken as the basic assumption for many models of
oblique cutting process (Hu et. al., 1986).
Russell and Brown, (1966) carried out straight oblique cuts with single cutting edge tools
on a shaper machine and employed the technique of direct photography to measure the chip flow
angle. Images of the chip flowing over the rake face were acquired using a 35 mm still camera
with a powerful flash that can freeze high-speed images. A special setup was used to support the
tool and the camera so that the focal plane of the camera remained unchanged relative to the rake
face of the tool. The chip flow direction was determined by projecting the photographic negative
through a profile projector using a high magnification to measure the required angle. Cutting
experiments with a wide range of cutting conditions were carried out, and the results were
compared to that of Stabler’s results. They concluded that the Stabler’s chip flow rule is only a
good approximation for the measure of chip flow angle and also showed the significance of the
normal rake angle on chip flow angle (Russell and Brown, 1966).
Pal and Koenigsberger (1968) also carried out straight cuts using HSS tools on a
rectangular section using a shaping machine under oblique cutting conditions with a wide range
of rake angles ( 0°, 10°, 20°, 30°, 40° ,and 50°) and inclination angles (0°, 10°, 15°, and 20°).
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The chip flow angle was measured using a Goniometric microscope to record the angle of marks
left by the chip on the tool rake face that was painted with blue stain before the experiments. The
friction force direction was measured by recording the cutting forces using a three-dimensional
work piece dynamometer. They found that the frictional force on the rake face coincides
reasonably well with the direction of the velocity of the chip, with minimum deviation of 0.5°
and maximum deviation of 3°.
Recently, Fang (1998) conducted an oblique cutting process on a lathe by cutting AISI
1088 steel tubes and measuring the chip flow angle by the direct measurement technique,
observing the frictional trace (i.e., scratches) caused by the chip flow on the rake face tool under
a measuring microscope.

This chip flow angle was one of the input parameters for the

established oblique cutting model, combined with the theory on minimum energy consumption,
to carry out chip control research. The experimental results agreed reasonably well with the
theoretical data, where the frictional force in the rake face is considered equal and opposite to the
chip flow direction. Similarly, other researchers like Okushima and Minato (1959) and
Strenkowski et al. (2002) also assumed the chip flow to be along the scar or wear traces of the
chip on the tool rake face.
The wear trace method could be susceptible to variations in the chip flow direction
towards the end of any cutting experiment when either the depth of cut, feed, or speed changes.
The limitation of direct measurement techniques is that they all are based on single frames and
are susceptible to instantaneous deviations in chip flow direction due to natural dynamics present
in the process (Stabler, 1964).
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2.2.2. Evaluation of Chip Flow Angle from Chip Geometry Measurement
Another way to experimentally measure the chip flow angle is based on the chip width
after the completion of the cutting. Merchant (1944), using the simple geometric relationship as
shown in Figure 2.2, showed that the chip flow direction Kc can be calculated by measuring the
chip-width (bc) obtained while cutting a workpiece of width (b) with a tool having an inclination
angle of i, using the formula

&RVKc =

(2.1)

bc
(b / Cos i)

Shaw et al., (1952) estimated the chip flow angle experimentally using this equation but reported
the inherent difficulty in measuring the chip width, since the width of the chip after cutting is
affected by the side spread, especially at lower speeds and higher feeds (Shaw et al., 1952).

Figure2.2. Plan view of oblique cutting process
(Shaw, 1984).
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Ward (1963) tried to estimate the chip flow angle from the helix angle of the curled chips
based on the assumption that the chip will curl about an axis parallel to the cutting edge with a
helix angle equal to the chip flow direction. He assumed that there are no external applied forces
sufficient to distort the chip. But in reality, the chip will curl back on itself or contact the tool or
the work piece, thus limiting the validity of Ward’s assumption (Russell and Brown, 1966).
2.2.3. Evaluation of Chip Flow Angle from Force Measurement
The chip flow angle has also commonly been estimated from force measurement by
assuming that the component of the resultant cutting force along the rake face plane, i.e. the
friction force, would be collinear with the chip flow angle. Armarego and Brown, (1969)
proposed that the chip flow angle can be measured by finding the friction force direction from
the measured cutting forces. They based this on a seemingly obvious assumption that the
frictional force between the chip and the tool face would act opposite to the chip sliding
direction, i.e., the frictional force direction would be collinear with the chip flow direction. This
approach of considering the chip flow angle to be along the direction of the projection of the
resultant cutting force onto the tool rake face, i.e., the frictional force direction, has subsequently
been widely used by other researchers. For instance, Luk (1972) using the results of experiments
carried out by Pal and Koenigsberger (1968), assumed the chip flow direction to be along the
friction force direction and developed an analytical model to predict the chip flow angle. From
his model, Luk found that “the chip flow angle is a function of the inclination angle, the normal
rake angle and the tool and work materials used” (Luk, 1972). Similarly, Young et al. (1987)
developed an analytical model allowing for nose radius effects that can predict the chip flow
angle and the cutting forces in bar turning under oblique cutting conditions, assuming that the
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resultant friction force direction in the rake face plane coincides with the chip flow direction
(Young et al., 1987).
2.2.3.1. Deviation between Chip Flow Direction and Friction Force Direction
Despite the intuitive plausibility of the assumption that the friction force on the tool
rake face would act opposite to the chip sliding velocity, there are many studies in which this has
been found not to be true under all conditions. Shaw et al. (1952) found that the projection of the
resultant cutting force on the tool rake face plane often has a significant deviation from the chip
flow direction, but there has been no error analysis carried out to exactly quantify this deviation.
Another study was carried out by Lin and Oxley (1972) in which the chip flow angle was
measured by observing the wear scar on the rake face of the tool using a Nikon shadowgraph
projector. The experimental results were compared with the friction force direction predicted
theoretically from the cutting forces, assuming the resultant frictional force on the tool face acts
in the direction of the chip flow. Although there was no error analysis carried on the
measurement of chip flow angle experimentally, it was noted that this theory overestimates the
chip flow angle and always deviates from the experimental results (Lin and Oxley, 1972).
Very recently, Adibi-Sedeh et al. (2002) refined the friction model and showed that the
chip flow angle can be well predicted by using upper bound analysis coupled with energy
minimization. This analysis has been successful in explaining the experimental observations
pertaining to the relatively larger effect of the normal rake angle on the chip flow angle and the
cutting forces (Adibi-Sedeh et al., 2003). As part of the validation of this model, Singh (2004)
carried out a study on chip flow angle under oblique cutting conditions. He used a lathe, cutting
tubes and bar stocks under a wide range of inclination and rake angles. High-speed photography
of the chip flowing over the rake face was used to measure the chip flow angle directly. The chip
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flow angle was found by noting the orientation of the chip in these images, and consecutive
images were used to average out the offset of the instantaneous deviations in chip flow direction
and obtain an average chip flow angle. Simultaneously, cutting forces were measured and the
resultant cutting force was projected on to the rake face to obtain the friction force. The direction
of the friction force was compared with the chip flow angle measured by high-speed
photography.
Under many conditions, Singh (2004) noticed that the chip flow angle is not along the
direction of the projection of the resultant cutting forces on the tool rake face plane. But the error
contributed by the measuring the forces and the high-speed photography technique was not
analyzed to quantify the deviation between the friction force angle and the chip flow angle.
Although the results shown by Singh (2004) were obtained while cutting with a high-speed highrigidity lathe, the disadvantage is that the effect of variation in tube velocity limits the ability to
achieve exact oblique cutting conditions, leading to possible variations in the chip flow direction
at different parts of the chip tool contact. Apart from this, although the experiments conducted by
Singh (2004) were carried out with nominally sharp tools, in general, they have an edge radius of
the order of 10Pm, causing some of the force contributed by the cutting edge to be wrongly
counted as being part of the friction force along the tool rake face.
It would be highly significant if it was possible to demonstrate that the frictional force
need not be always along the chip flow direction, even if the process is a pure oblique cutting
process using ultra-sharp cutting tools. Thus the objective of this research was to carry out
controlled pure oblique cutting tests with ultra sharp tools as well as rounded-edge tools under a
range of cutting conditions to determine whether there could be a significant deviation between
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the sliding direction, of the chip over the tool rake face and the friction force direction and to
check the effect of the cutting edge radius on the deviation noted.
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CHAPTER 3
METHODOLOGY

3.1.

Pure Oblique Cutting
A schematic of a typical oblique cutting process and the different parameters used to

describe the cutting tool orientation are shown in Figure 3.1. The inclination angle “i” is the
angle between the cutting velocity direction and the normal to the cutting edge of the tool in the
plane of the cut surface. The angle between the rake face plane and the direction normal to the
cut surface, measured in the plane perpendicular to the cutting edge, is the normal rake angle, Dn.
The angle between the chip flow direction and the direction perpendicular to the cutting edge in
the rake face plane of the tool is called the chip flow angle, KcThe equivalent plane is the plane
that consists of the incoming velocity, the chip velocity, and the shear velocity. The equivalent
shear angle, Ie, is the angle between the cutting velocity V and the shear velocity Vs. The angle
between the direction perpendicular to the cutting velocity, in the equivalent plane, and the chip
velocity is the equivalent rake angle. A general oblique cutting process can be visualized as an
assembly of elemental oblique cuts in thin sections parallel to the equivalent plane such as
LMNOQPLcMcNcOcQc Pc , as shown in Figure 3.1. In each elemental oblique cut, the incoming
material is sheared by the cutting tool and flows along the chip (Adibi-Sedeh, 2002).
The incoming material velocity, global X direction is taken to be along the cutting
velocity, V. The global Y direction is taken to be along the width of the incoming material, AAc.
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Figure 3.1. Schematic of oblique cutting showing angles, lengths, and velocities used in
analysis as well as elements of the projected uncut chip area, shear plane area, and friction
area (adapted from Adibi-Sedeh, 2002). Note that chip is shown as a transparent entity for
the sake of clarity.
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The global Z direction is along the depth of cut, BA. The cross section of the incoming
material is ABAcBc. The projection of this along the cutting velocity, which is the interference
between the tool and the incoming material, is CEEcCc. Due to the action of the shear velocity
induced by the tool, the incoming material is sheared along the shear plane CDDcCc and forms a
chip that flows out with the cross section GHHcGc. It can be seen that the obliquity (inclination)
of the cutting edge causes the shear velocity to not along CD, but along CDc, as shown in Figure
3.1. This causes material coming along ABcDcC plane to be sheared along the CDc line and end
up along the plane CDcHcG, implying that both the planes ABcDcC and CDcHcG are along the
equivalent plane.

Note also that the normal to the equivalent plane, N̂ e need not be perpendicular to the
rake face, i.e., Nˆ x Nˆ e z 0 . For the schematic shown in Figure 3.1 the value of ( Nˆ x Nˆ e ) is
greater than 0. As K increases, the equivalent plane shifts, causing the value of Nˆ x Nˆ e to
progressively decrease to zero and eventually to become less than zero, as illustrated in Figure
3.2.
For the sake of convenience of calculating of various segments of the projection of the
uncut chip area on the tool rake face, a local coordinate system (X*, Y*, Z*) is defined (Adibio

Sedeh et al., 2002). The X* direction is taken to be along CE , the intersection of the global X-Z
plane with the rake face of the tool. The Z* direction is taken to be along the normal to the tool
rake face, and Y* is orthogonal both X* and Z*. Note also that the outward normal to the tool
rake face is in the –Z* direction.
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Figure 3.2. Schematic of oblique cutting showing a shift in the equivalent
plane as the chip flow angle increases when compared with Figure 3.1
(adapted from Adibi-Sedeh, 2002).
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In the present study, cutting experiments were carried out on a large linear slide that is
capable of making straight “planing type” cuts with a wide range of feeds, speeds, work piece
materials, and tools. For each cutting experiment, the chip flow angle over the rake face of the
tool was measured by ultra-high-speed photography and Digital Image Correlation of the images,
and simultaneously the friction force direction was obtained from the measured cutting forces.
3.2.

Experimental Details
A work piece in the form of a sheet (3inches by 2inches by 0.1inch thick) was held in a

work-holding device that was firmly bolted to a moving table of a large linear slide, is capable of
making straight “planing type” cuts. The cuts were made using different tools with different rake
angles, the tool being held stationary for ease of observation. In order to measure the forces
along the cutting, radial and thrust directions, the tool holder was held on a three-component
piezoelectric dynamometer (Kistler® Type 9367B).
Figure 3.3 shows a schematic diagram of the experimental setup used to conduct pure
oblique cutting experiments. A range of inclination angles was achieved with a rotary swivel on
which the dynamometer and the tool holder were firmly bolted. The whole unit was further held
rigidly on a lockable vertical slide, as shown in Figure 3.4, so as to position the cutting tool with
respect to the work piece.
The linear slide set up consisted of a large linear slide (cutting slide) and two lateral
positioning slides placed across the saddle to hold the workpiece holder, as shown in Figure
3.5.A. condition.
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Figure 3.3. Schematic of experimental setup for pure oblique cutting on linear
slide.

Dynamometer

Lockable slide

Lockable rotary
swivel
Digital read out

Tool Holder

Figure 3.4. Tool holding setup for oblique cutting experiments.
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Slide B

Slide A

(b)
Work Holding Device

(a)

Figure 3.5.A. (a) Overall view of the linear motor driven linear slide
and the stage, (b) Zoomed-in view of linear slides on saddle of linear
motor stage; fixture on lockable feed stage A was used for clamping
workpiece and fixture on lateral slide B for clamping plate that triggers
high speed camera.
As mentioned earlier, the cutting slide (Model#DRS-030-11-160A, manufactured
by H2W Technologies Inc.,) is capable of making straight cuts similar to a planing machine and
of cutting at a constant speed up to 5m/s (approximately 300m/min) over a cutting distance of
0.75m, with a maximum force capability of 480 pounds (approximately 2000 Newton force) and
velocity regulation better than 1%. The lateral positioning stage on which the workpiece holder
was fed in the workpiece by the required amount for each cutting. To measure the exact feed, the
feed stage was fitted with a Heidenhain® digital readout (model #AE LS303C), which is capable
of measuring feed with an accuracy of 5Pm. This stage can be locked after the feed is given, in
order to make the cutting setup very stiff. The overview of experimental setup for oblique cutting
experiments showing the relative orientation of the high speed cutting slide is shown in Figure
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3.5.B. The actual feed can be measured to accuracy better than 0-6Pm by weighing the chip
produced in each cut.

D

C

A

B

Figure 3.5.B ‘A’- Overview of experimental set up for oblique cutting
experiments showing relative orientation of high speed cutting slide, ‘B’ tool holder setup, ‘C’ - stereoscopic ultra-high-speed camera and ‘D’ -the
triggering arrangement .
Aluminum alloy Al 6061-T6 and commercially pure lead were used as the work materials
in this study. The workpiece, in the form of a sheet, was sandwiched between two plates that
made up the workpiece holder. The workpiece holder was fixed to a lateral positioning slide (for
giving the depth of cut motion), which was mounted on the carriage of the high-speed slide
(Slide A as show in the Figure 3.5.A).
The cutting slide was powered by a linear motor and had an optical scale for position
readout. It was interfaced with a Galil control card and a PWM amplifier with which the
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movement of the slide could be controlled. A typical plot of the cutting velocity vs. time given
by the linear encoder is shown in Figure 3.6.

1 m/s

3m/s

-3.5

Linear velocity (m/s)

-3.0
-2.5
-2.0
-1.5
-1.0
-0.5
0.0

0.61s

0.31s

(Time)

Figure 3.6.Output of linear encoder showing typical cutting velocity vs. time graph.

3.3.

Experimental Procedure for Obtaining Chip Flow Direction from DIC
Pure oblique cutting experiments were conducted on the high-speed linear slide as

explained in the earlier part of this chapter. During cutting, images were acquired using an ultrahigh-speed 3D StrainMaster system, as described in section 3.3.1.
3.3.1. Image Acquisition System Interfaced with Laser System
A new type of ultra-high-speed camera system was developed using an NSF major
research instrumentation grant. This camera system consists of four non-intensified dual frame
cameras mounted on a stereo microscope. The design of the camera system involved an
innovative (patent pending) solution using different colors (wavelengths) of light to avoid
limitations in the exposure capabilities of the existing cameras. The different colors and the
respective wavelengths used in the camera system are given in Table 3.1 below.
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The camera system obtained a sequence of four pairs of stereo images at different times
that were usable for 3D DIC.
TABLE 3.1
NOMENCLATURE USED FOR DIFFERENT CAMERAS AND THEIR WAVELENGTHS

Camera Designation

Color of Laser

Wavelength(nm)

1

Blue

440

2

Green

532

3

Red

650

4

Orange

600

Ultra-short (5ns) pulses of light produced by eight different laser cavities were used for
illuminating the area of interest was viewed by the camera system. These pulses were used to
‘’freeze’’ the motion of the workpiece being cut by the tool. Figure 3.7 shows a schematic
diagram of the arrangement of the stereo microscope, four dual-frame cameras, and four dualcavity lasers that together comprise the developed ultra high speed camera system.
The optical resolution of the stereo zoom microscope to which the cameras were mounted
could be as high as 860 line pairs/mm. The microscope has two objectives (1x and 2x) that could
be used with it. There is also a 16x zoom capability providing magnifications from 0.71x to
11.5x.
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Figure 3.7. Schematic showing arrangement of the stereo microscope, four dual-frame
cameras, and four dual-cavity lasers that together comprise the developed ultra-highspeed high resolution camera system
Thus, with the laser illumination and high optical resolution of the microscope, very clear
images of microscopic regions of interest can be obtained. In addition, the time between frames
could be controlled using a Programmable Timing Unit (PTU). Interframe times down to 50ns
could be obtained using this programmable timing unit controlling the laser and the camera
timings.
3.3.2. Acquisition of Stereoscopic Images
As shown in Figure 3.8, the ultra- high-speed camera system was aligned to view the
back side of the chip sliding over the rake face of the tool as well as the incoming workpiece
material. During each cut, the PTU triggers the lasers and cameras in such a manner as to acquire
an eight frame sequence comprised of four pairs of stereoscopic images.
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A
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F

C

D
E

Figure 3.8. Ultra-high-speed camera aligned to view the chip formed while
cutting pure lead using an ultra sharp tool. A: workpiece holder, B: work piece,
C: ultra-sharp tool, D: tool holder adapter plate, E: Dynamometer; F: ultra-high speed camera
The acquisition of each sequence of images is triggered externally by providing a rising
trigger input to the PTU. The rising pulse is generated by obstructing the light path between a
Light Emitting Diode (LED) and a photo diode. For obstructing the light at the right instant when
the work piece is being cut by the tool, a special set up is made on the lateral slide-B as shown in
Figure 3.5.A. Appendix A explains the setup and the circuitry for generating the external trigger.
Figure 3.9 shows a typical picture of the chip flowing over the rake face as viewed by the
ultra high speed camera system. Four pairs of similar images were acquired in such a way that
the cameras sensitive to the blue and red colored lasers formed a stereo pair, and the cameras
sensitive to the green and orange lasers formed a second stereo pair. Both lasers forming a stereo
pair flashed simultaneously, and the cameras were triggered simultaneously. Two pairs of flashes
occurring at time 1 and time 2 resulted in two pairs of stereoscopic images recorded by the
corresponding cameras.
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1mm
Region of Interest
Note: The features
are in good focus

Chip

Work

Figure 3.9. Typical frame obtained from ultra-high-speed camera
cutting Al6061-T6. Cutting conditions: V=0.1m/s, f=40Pm, Dn =
35°, i=20°, b=2.5mm.
In all, two pairs of stereoscopic images were taken by the blue and red cameras at times 1 and 2,
and two more stereo pairs were taken by the green and orange cameras at times 3 and 4, as
shown in Figure 3.10. The stereo pair taken by the blue and red cameras at time 1 is shown in
Figures 3.11(a) and 3.11(b), and the second stereo pair taken by the same cameras at time 2 is
shown in Figures 3.11(c) and 3.11(d). The stereo pair at time 1 was masked to choose only the
portion of the back surface of the chip that was in good focus and processed to obtain the 3D
surface that best fit the images recorded from the two different viewing directions of the
cameras, as shown in Figure 3.11(e). Similarly, Figure 3.11(f) shows the surface of the back of
the chip at time 2. The surface topography and the underlying image information at times 1 and 2
were correlated to obtain a map of the 3D velocity vectors on the back surface of the chip during
the time increment (as shown in Figure 3.11(g)).
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Figure 3.10. Timing diagram of all lasers (blue, red, green and orange).
The chip flow angle was obtained by taking the dot product of the unit vector average
chip velocity direction and the vector that was perpendicular to the cutting edge along the rake


face plane HK (refer to Figure 3.12).

K



c

Cos 1 (Vˆc . HK )

(3.1)



To obtain HK , the vector perpendicular to the cutting edge along the rake face plane, it
was essential to find the unit vector along the cutting edge. This was done by choosing many
points along the cutting edge CC’ (refer to Figure 3.12 and Figure 3.1) on the tool rake face
image that was corrected for the 3D surface height.
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Figure 3.11 .DIC process by which velocity vectors are obtained for cutting lead at 0.1m/s
with sharp 35° tool and 20° i. (a) and (b) stereoscopic pair (left and right) of images taken
at t = 0Ps, (c) and (d) Stereoscopic pair (left and right) of images taken at t = 400Ps, (e) &
(f) 3D surface fit to stereoscopic images taken at t = 0Ps and at t = 400Ps, respectively, (g)
velocity vectors between t = 0Ps and t = 400Ps.
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It is further carried out by calculating the average unit vector ( CC ' ) in the direction of the


cutting edge. The vector HK was determined as




HK

Nˆ u CC '

(3.2)

Where N̂ is the unit vector normal to the rake face plane. N̂ is obtained as

Nˆ

>a1 , b1 ,1@
a1 , b1 ,1

(3.3)

where a1 and b1 are the parameters describing the orientation of the rake face plane, obtained by
fitting a plane equation of the form a1 x  b1 y  c1

Z to the surface fit to the stereoscopic images

of the tool rake face. A detailed data processing procedure for obtaining the chip flow angle
using the DIC technique is given in Appendix B. When the chip flows over the rake face of the
tool along the sliding plane, there may be some angle (I) between the back surface of the chip
and the sliding rake face plane which could cause the chip flow angle to increase. This was
checked by finding the angle using the equation I



U
cos 1 (Vc x (CC c u HK ) .The angle between

the chip back surface to the rake face of the plane was estimated and it is shown in Table 3.2 for
selected experiments.
3.3.3. Error Estimation for Chip Flow Angle Measured by DIC

Errors in obtaining the chip flow angle from DIC technique could be due to two factors :
experimental error in calibrating the camera system, and inherent error that occurs in the DIC
technique when it is applied to measure 3D vectors and angles

31

TABLE 3.2
ANGLE I MADE BY THE CHIP BACK SURFACE TO THE RAKE
FACE PLANE
Cutting conditions
Lead-Blunt edge tool-0.1m/sV-20i-35rk-50F
Lead-Blunt edge tool-0.1m/sV-20i-35rk-100F
Lead-Blunt edge tool-0.1m/sV-20i-35rk-200F
Lead-Sharp edge tool-0.1m/sV-20i-35rk-50F
Lead-Sharp edge tool-0.1m/sV-20i-35rk-100F
Lead-Sharp edge tool-0.1m/sV-20i-35rk-200F

I(deg)
1.1
2.8
2.6
0.1
1.2
2.4

It is expected that the error in DIC could be minimized by performing an ideal calibration
for the cameras and by acquiring good stereo pair images. A simple test was carried out to
quantify the accuracy of the DIC technique by measuring known angles. A small calibration
pattern, as shown in Figure 3.12, with lines marked at known angles to each other, was stuck on
the rake face of the tool. This pattern was made using MS-Word software by drawing lines at the
least possible size and weight and rotated to known angles with reference to KH. These angles
were validated by viewing the calibration pattern under a microscope with a 50x object
magnification, and the angles were measured using a measuring instrument. For each orientation
of the tool, images were taken of the tool rake face along with the pattern stuck to it, and the DIC
process was carried out to find the 3D unit vectors along each of the lines and to obtain the angle
between them by taking the dot product. The results obtained are tabulated in Table 3.3 and
plotted in Figure 3.13.
It can be seen from Table 3.3 that the error in angle measured by the DIC technique was
usually less than 1° for angles greater than 10°, but for angles 10° and less, the error can be up to
2°.
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Figure 3.12. Marked lines with known angles placed on the rake face plane.

TABLE 3.3
COMPARISON OF ACTUAL ANGLES WITH MEASURED ANGLES USING DIC

e

Actual Angle
(deg)
(magnified
under
microscope and
measured using
m
a protractor)
5.0
10.0
15.0
20.0
25.0
30.0

Angle measured from DIC (deg)

carbide-20°i10°rk
Left
Right
5.0
5.1
11.8
11.5
16.1
15.8
20.9
21.0
25.7
25.2

Ultra-Sharp Tool35°rk-10°i
Trial 1
Trial 2
6.4
5.9
11.5
11.7
15.6
15.9
20.5
21.1
24.7
25.3

Ultra-Sharp-Tool35°rk-20°i
Trial 1
Trial 2
6.9
6.4
11.5
10.9
15.8
15.7
20.4
20.8
25.9
25.4
29.6
30.1

Ultra-SharpTool-35°rk-30°i
Trial 1 Trial 2
7.0
6.7
11.0
10.9
15.0
15.3
20.6
20.1
24.5
24.8

Although these errors can be accounted for, in principle, by fitting a calibration curve
between the actual and measured angles, this was not done because some of the error in this
calibration was believed to be due to the need to have a large area of the chip in view, causing
the focus to be poor in some regions. In the regions where the focus is good, the error in DIC was
very small, as verified by superimposing images corrected for the translation on one another.
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This was done by viewing a calibration specimen marked with an array of equidistant dots,
which was moved along X for a known distant and the translation measured by DIC. Similarly, a
known distance was moved along Y and the displacement measured by DIC. It was found that
although there was no error in measuring the displacement along X, there was error in measuring
the displacement when the calibration plate was displaced along the Y axis, especially in regions
where the image was not in good focus.
To quantify the precision (repeatability) of the angles measured by the DIC method and
to check whether there could be any errors in using different pairs of cameras for times 3 and 4
than for times 1 and 2, the following test was carried out. The green and orange cameras were
triggered at the same time the blue and red cameras were triggered, i.e., two pairs of stereoscopic
images were taken by the two pairs of the cameras at the same time t1. Chip velocity vectors
were obtained by separately processing the stereo pairs from cameras 1 and 3 and from cameras
2 and 4. The chip flow angles from the chip velocity vectors obtained for the same time interval
from the two sets of stereo pairs were compared. This test was repeated under most cutting
conditions, the difference between the two chip flow angles was always close to 1°, as shown in
Table 3.4.

Measured angle (deg)
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y = 0.9293x + 1.8687
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35

Actual angle (deg)

Figure 3.13. Comparison of actual angles with measured angles using DIC.
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TABLE 3.4
DIFFERENCE IN MEASURED CHIP FLOW ANGLES FOR DIFFERENT CONDITIONS FROM
TWO INSTANTANEOUS STEREO PAIRS

Condition

Difference in chip
flow angle from
two instantaneous
stereo pairs

3.4.

Ultra-Sharp Tool
Pb-V=0.1m/sF=100mm-20°i35°rk-

Ultra-Sharp-Tool
Pb-V=0.1m/sF=100mm-20°i35°rk-

1.1°

Ultra-Sharp-Tool
Pb-V=0.1m/sF=100mm-20°i35°rk-

0.8°

0.7°

Experimental Procedure for Obtaining Friction Force Direction

Since the deviation between the chip flow directions measured using DIC and the friction
force direction is the main topic of the current research, the three orthogonal components of the
resultant cutting forces were acquired simultaneously with the cutting images. Prior to the cutting
experiments, the dynamometer was calibrated and the measurement errors were characterized.
3.4.1. Calibration of the Dynamometer

The dynamometer was calibrated using known weights. Figures 3.14a, 3.14b, and 3.14c
illustrate the calibration curves for all three directions X, Y and Z axes of the dynamometer.
From the obtained calibration curves, especially for the load along the Z direction, there was a
noticeable deviation between the actual loads and the measured loads as the loads were applied
on the tool holder which was offset from the center of the top surface of the dynamometer. The
dynamometer was also tested for possible cross-talk when loaded in each of the orthogonal
directions, with the loads passing through the point where the force was applied in the cutting
tool. Figure 3.15 shows cross-talk in the X and Y errors when a 20N force was exerted along the
Z (vertical) direction with the dynamometer placed on a flat surface. In order to quantify the
error contributed by this deviation including the effect of the cross-talk, the measured forces
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from the experiments were corrected and the friction force angles were compared, as shown in
Table 3.5. It was found that the effect of the force measurement may contribute to an error in the
friction force angle measurement, which is less than r1q .

TABLE 3.5
ERROR IN MEASURING THE FRICTION FORCE DIRECTION FROM FORCES (DATA
TABULATED ONLY FOR SELECTED CUTTING EXPERIMENT)

Cutting
forces (N)
88.94
118.54
130.54
18.63
25.94
42.23
15.13
28.60
60.13

Frictional
force (N)
-10.02
-14.94
-15.59
-2.31
-3.59
-5.90
-2.74
-5.19
-7.73

Thrust force
(N)
-71.00
-71.50
-73.00
-7.96
-6.27
-3.29
3.57
6.65
9.20

Friction force
direction
before
correction
(deg)
11.0
11.9
12.7
13.9
15.5
18.5
24.3
24.1
26.8

Friction force
direction after
correction (deg)
11.3
12.2
13.0
14.1
15.7
18.5
23.5
23.3
26.3

Error (deg)
-0.3
-0.3
-0.3
-0.3
-0.2
-0.1
0.7
0.8
0.5
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Figure 3.14a. Calibration curve for dynamometer while loading along X direction
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Figure 3.14b. Calibration curve for dynamometer while loading along Y direction.
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Figure 3.14c. Calibration curve for dynamometer while loading along Z direction.
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Figure 3.15. Response of X, Y, and Z channels of dynamometer to a load of 20N
force along z direction close to tool tip.
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3.4.2. Error in Force Measurement

To further study the accuracy of the dynamometer at lower force values, known weights
from 0.5g to 500g were loaded on the tool close to the cutting edge. Since the frictional direction
force affects the friction force direction most sensitively, the known weights were loaded along
the negative Y direction (i.e., from the top) of the dynamometer. The forces were measured
while the cutting slide was stationary, and while it was moving at a speed of 0.1m/s.
It was observed that even when the slide was stationary, inherent noise always occurred
in the force data measurement, which increased as the gain (in Volts/Newton) of the amplifiers
was increased. As the slide moved, vibration from the high-speed switching of the motor current
caused the tool holder and the dynamometer system to vibrate at its natural frequency (330 Hz,
as shown in Appendix E). This vibration manifested itself as an oscillation in the cutting forces
measured by the dynamometer. For this reason, after each cutting experiment, the measured
forces were filtered to reduce the noise. The introduced noise is filtered either by using a moving
average technique, by using a low-pass Butterworth filter with a cut-off frequency of 10 Hz, or
both. For the present study, the raw forces were filtered using a low-pass Butterworth filter with
a cut-off frequency of 10Hz for the forces acquired when the slide was stationary. Whereas when
the slide was moving, the forces were averaged (20 points moving average) initially and further
filtered using the low pass Butterworth filter. Figure 3.16 shows the superimposed image of the
filtered forces on the raw forces indicating the reduction in noise without any shift in the average
value of the forces measured. Similarly, Figure 3.17a shows the raw forces acquired when the
slide was moving at a speed of 0.1m/s, which was further filtered to resolve the measured forces,
as shown in Figure3.17b. The results obtained for all loads are tabulated in Tables 3.6.A and
3.6.B and plotted in Figures 3.18.a and 3.18.b.
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Although the movement of the slide induced oscillation, it can be noted that the force
measuring system was able to resolve forces up to 0.1N. It was interesting to study the effect of
the external noises, which mainly contributed to the random error during measurement of the
chip flow angle.
Raw forces

Filtered forces

5

Forces (N)

4
3
'Fy = -0.96N

2
1
0

1.0

2.0

Time3.0

4.0

5.0

Time (sec)

Figure 3.16. Comparison of raw forces with filtered forces using the
low-pass Butterworth filter with a cut-off frequency of 10 Hz when a
load of -0.98 N is acting along Y direction and with the slide
stationary.
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Figure 3.17a. Raw forces when a load of -0.98N load is acting along Y
direction with the slide moving at a speed of 0.1m/s.
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Figure 3.17b. Comparison of raw forces with filtered forces when a
load of -0.98 N is acting along Y direction with the slide moving at
a speed of 0.1m/s.
TABLE 3.6.A
COMPARISON OF ACTUAL FORCE WITH MEASURED FORCE WHEN SLIDE IS
STATIONARY
Actual Force
(g)
(N)
5.20
-0.05
10.40
-0.10
18.30
-0.18
24.20
-0.24
30.20
-0.30
40.00
-0.39
48.90
-0.48
61.80
-0.61
75.40
-0.74
99.50
-0.98
122.00
-1.20
182.00
-1.78
246.00
-2.41
305.00
-2.99
489.00
-4.79

Measured Force
(N)
-0.05
-0.11
-0.17
-0.23
-0.29
-0.38
-0.48
-0.60
-0.73
-0.96
-1.19
-1.76
-2.36
-2.93
-4.71
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TABLE 3.6.B
COMPARISON OF ACTUAL FORCE WITH MEASURED FORCE WHEN SLIDE IS MOVING AT
A LINEAR SPEED OF 0.1M/S
Actual Load
(g)
(N)
5.20
-0.05
10.40
-0.10
18.30
-0.18
24.20
-0.24
30.20
-0.30
40.00
-0.39
61.80
-0.61
75.40
-0.74
99.50
-0.98
122.00
-1.20
182.00
-1.78
246.00
-2.41
305.00
-2.99
489.00
-4.79

Measured load
(N)
Not resolvable
-0.11
-0.18
-0.24
-0.29
-0.39
-0.58
-0.72
-0.95
-1.17
-1.74
-2.35
-2.90
-4.70

M ea sured Fo rce (N)
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3
2
1
0
0

1

2

3

4

5

6

Actual Force (N)

Figure 3.18a. Comparison of actual force with measured force when
linear slide is stationary.
The deviation of the measured load from the actual load was calculated from the calibration
curves obtained along the three orthogonal directions. The RMS value for each respective
deviation gives the random error (V) in the respective orthogonal directions
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Figure 3.18b. Comparison of actual force with measured force when
linear slide is moved at a linear speed of 0.1m/s.
Using this technique the cutting forces along each orthogonal direction along with the
random error ( r 2V ) were calculated from the raw data obtained from the cutting experiments.
The friction force angle for all possible eight combinations was computed. From these values,
the maximum and the minimum errors in measuring the friction force angle were found within
which the actual friction force angle value should lie. It was found from the calculated error
values that the error range was minimum (  r1q ) at higher cutting forces and maximum
( r 2.7q ) at lower cutting forces.
3.4.3. Measurement of Friction Force Angle

During each oblique cutting experiment, the cutting forces were measured using the
dynamometer in the global coordinate system with Fx along X, Fy along Y, and Fz along Z, with
o

the resultant cutting force R







Fx i  Fy j  Fz k . From the attained forces, only the region after

the cutting reached the steady state when the images were acquired and considered for further
processing. Knowing the resultant force vector and the normal vector to the tool rake face, the
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friction force direction (Kf) can be obtained. Appendix C clearly shows the measurement of
friction force angle from the acquired forces.
The cutting force components acting on a lamina parallel to the equivalent plane can be
designated as P1eq and P2eq and the component perpendicular to the equivalent plane can be
designated

as

P3eq,

o
o
U o
R ( P1eq  P 2 eq  P 3eq

as

shown




in

the

Figure

3.19.

The

resultant

cutting

force



Fx i  Fy j  Fz k ) can also be expressed as the sum of two


o

o

components, N perpendicular to the tool rake face along ( Z * ) and F along the tool rake face.
The direction of friction force was obtained by taking the total force acting on the tool and
removing the normal component (N) exerted along the normal to the tool rake face to obtain the
frictional component (F), as
o

N
o

F

o

Rx Zˆ *
o

(3.4)

o

R N

(3.5)

The angle Șf is defined as the angle between the friction direction and the direction along the tool
rake face that is perpendicular to the cutting edge (C’F’ in Figure 3.19). This is actually
calculated by obtaining the angle between the friction force direction and the X* direction Șf’ and
then subtracting Cs*, the angle between X* and C’F’ as


K f

K f 'C S *

(3.6)

In addition, the friction coefficient (P) at the chip tool interface can also be calculated
from the frictional force (F) and the normal force (N) on the rake face plane as
U
F
P U
(3.7)
N
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Figure 3.19. Cutting force components acting on a lamina parallel to the equivalent plane.
3.5.

Experiments

Carbide inserts of different rake angles were prepared by a local regrinding shop. One of
these was used in the setup described to cut two different materials (pure lead and Al6061-T6
alloy) under different inclination angles, cutting speeds, feeds, and lubrication conditions, as
shown in Table 3.7. The test matrix design was a “Latin Hypercube”, with the mean condition
being i=20°, Dn=10°, feed=200Pm, and speed=1m/s. The chip flow angle was measured using
3D Digital Image Correlation of stereoscopic high-speed photographic image sequences, and
simultaneously, the cutting forces were measured to calculate the friction force direction from
the cutting forces.
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TABLE 3.7
TEST MATRIX FOR INITIAL OBLIQUE CUTTING EXPERIMENTS

Work piece material
Pure Lead
Pure Lead
Pure Lead
Pure Lead
Al6061-T6
Al6061-T6
Al6061-T6
Al6061-T6

Inclination
angle (i)
20°
20°
20°
20°
20°
20°
20°
20°

Rake
angle (D)
10°
10°
10°
10°
10°
10°
10°
10°

Feed
(microns)
100
50, 100, 200
100
50, 100, 200
100
50, 100, 200
100
50, 100, 200

Speed
(m/s)
0.3, 1, 3
1
0.3, 1, 3
1
0.3, 1, 3
1
0.3, 1, 3
1

Condition
without WD40
without WD40
WD40
WD40
without WD40
without WD40
WD40
WD40

The edge radius of the carbide tools was approximately 10Pm. In order to investigate the
effect of the cutting edge radius, tests were carried out with ultra-sharp tungsten carbide knives
with edge radii on the order of nanometers. Since the rake angle of the ultra-sharp tool (35°) was
higher when compared to the rake angle of the carbide insert used for the initial experiments, the
cutting edge of one carbide knife was dulled to an edge radius of 25Pm. The test matrix of the
carbide knives is shown in Table 3.8.
TABLE 3.8
TEST MATRIX FOR OBLIQUE CUTTING EXPERIMENTS USING ULTRA-SHARP TOOL

Work piece material
Pure lead
Pure lead
Al6061-T6
Al6061-T6
Al6061-T6
Al6061-T6

Inclination
angle (i)
20°
20°
20°
20°
10°, 20°, 30°
10°, 20°, 30°

Rake
angle (D)
35°
35°
35°
35°
35°
35°
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Feed
(microns)
50,100,200
50,100,200
20,40,60
20,40,60
40
40

Speed
(m/s)
0.1
0.1
0.1
0.1
0.1
0.1

Tool used
Sharp edge tool
Round edge tool
Sharp edge tool
Round edge tool
Sharp edge tool
Round edge tool

CHAPTER 4
RESULTS AND DISCUSSION

The chip flow angle (Kc) and friction force angle (Kf) measured while cutting lead at
varying feeds and speeds, with standard carbide tools, are given in Figures 4.1 and 4.2.
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Figure 4.1. Effect of feed on chip flow angles and friction force angles while
cutting lead at 1 m/s with a tool set at 10° Dn and 20° i .
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Figure 4.2. Effect of speed on chip flow angles and friction force angles while
cutting lead with a tool set at 10° Dn , 20° i , and a feed of 100 Pm .
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Most of the data points shown in the figures are an average of at least three to six data points
obtained over three repetitions, with one or two data points per repetition. It can be seen that the
chip flow angle (Kc) under most conditions was about 10° more than from the friction force angle
(Kf), even though both showed the same trend. Additionally, it should be noted that both Kf and
Kc decreased as the feed decreased and speed increased. Figures 4.3 and 4.4 show the results of

an identical set of experiments carried out to study the effect of feed and speed while cutting
aluminum Al 6061-T6.
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Figure 4.3. Effect of feed on chip flow angle and friction force angle while cutting
Al6061 at 1m/s with a tool set at 10° Dn and 20° i .
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Figure 4.4. Effect of speed on chip flow angles and friction force angles while
cutting Al 6061-T6 with a tool set at 10° Dn , 20° i , and a feed of 100 Pm .
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These also show similar trends with speed and feed and a difference of about 5° between
Kf and Kc . Also note that the friction force angle was always greater than the chip flow angle.

Another observation when comparing the results of cutting lead and aluminum is that both the
friction force angle and the chip flow angle were lower for aluminum than lead. This is shown
clearly in Figure 4.5, where the results for the effect of feed on Kf and Kc for both aluminum are
collated together.
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Figure 4.5. Comparison of chip flow angles and friction force directions for lead
and aluminum as a function of feed.
Another interesting aspect in Figure 4.5 is the coefficient of friction for each of the data
points (P F/N, where F is the frictional force and N is the normal force acting on the rake face
plane). It is clear that as the friction coefficient at the chip tool interface increased, Kf and Kc
decreased. Interestingly, the coefficient of friction was higher when cutting aluminum, than
when cutting lead.
To further study the effect of friction, experiments were repeated with a lubricant applied
on the chip tool interface while cutting lead at different speeds and feeds. A similar trend of a
decrease in “K” with an increase in “P” was noticed as shown in Figures 4.6 and 4.7.
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Figure 4.6. Comparison of chip flow angles and friction force angles while cutting
lead at 1m/s with tool set at 10° Dn and 20° i, with and without lubricant.
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Figure 4.7. Comparison of chip flow angles and friction force angles while cutting
lead by varying speed with tool set at 10° Dn and 20° i, with and without lubricant.
4.1.

Effect of Friction Coefficient (P) at Chip Tool Interface on Chip Flow Angle

From the data presented above, it seems that the frictional coefficient (P) is one of the
factors influencing chip flow direction. To check whether this is a clear relationship, the data
presented above were plotted as a function of friction coefficient in Figures 4.8 and 4.9. It can be
seen there was a decrease in chip flow angle as well as friction force angle as the friction
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decreased, especially when the chip velocity was kept constant, and the feed and lubrication
condition were changed.
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Figure 4.8. Effect of friction coefficient on chip flow angles and friction force
directions when feed is changed.
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Figure 4.9. Effect of friction coefficient on the chip flow angle and friction force
direction when speed is changed.
In an effort to check whether most of the observed variations in Kf and Kc could be related
to the friction coefficient (P), data from all experiments were collated and are shown in Figure
4.10. It is noticeable that most of the observed trends and differences in Kf and Kc, were related to
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the friction coefficient. Of course, some additional variation was caused by other variables, but
the effect of the friction coefficient seems to be dominant.
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Figure 4.10. Friction coefficient vs. chip flow angles and friction force directions
obtained by collating data from all the cutting experiments.
In all experiments, a noticeable deviation was seen between the chip flow angle and the
friction force angle. Also, for a lower friction coefficient, less than 0.6, the deviation between Kf
and Kc was higher than the deviation observed at a higher friction coefficient (of course, the work
material was different and could be a compounding factor; also it may have been due to the
random error (V), which was expected to be higher for lower force values, as discussed earlier,
wherein the cutting forces are lower in the case of lead). A close study of this deviation and the
possible reasons for it is the subject for subsequent experiments reported.
4.2.

Experimental Analysis of Deviation between Chip Flow Angle (KC) and Friction
Force Angle (KF)

From the initial oblique cutting experiments a divergence was noticed between the chip
flow angles measured directly using 3D DIC and the friction force angle measured from forces.
One of the reasons identified as possibly contributing to this difference is the ploughing
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component (or indentation component) contributed by a cutting edge of finite radius to the
cutting force.
4.2.1.

Effect of Cutting Edge Radius on (KC) and (KF)

Oblique cutting experiments were carried out with ultra-sharp cutting tungsten carbide
tools, known as microtome knives, with cutting edge radii on the order of nanometers.
Experiments under a wide range of inclination angles and feeds were carried out for the two
work piece materials considered, and the chip flow angle (Kc) and friction force angle (Kf) were
measured. Experiments were also carried out with a tungsten carbide knife intentionally dulled
so that the radius of the rounded edge was on the order of 25Pm. (The edge radius was measured
using a 3D profilometer as explained in Appendix D). Figure 4.11 shows the variation in Kc and
Kf with feed for ultra-sharp tools as well as blunt tools. As shown in Figure 4.11, both Kc and Kf

increased as the feed increased. Also, the deviation between Kc and Kf almost coincided at lower
feeds when cutting lead and increased with the feed. This coincidence could be attributed to
random error (V), wherein the cutting forces were found to be lowest at these cutting conditions.
Similarly, from Figure 4.12, it can seen that though there is no trend in Kc and Kf by varying feed
while cutting Al6061-T6, there was a noticeable deviation between Kc and Kf. It can also be
observed that a similar trend of chip flow angle higher than that of friction force direction
prevails. Although the friction force direction was higher for the sharp edge tool when compared
to the round edge tool, the chip flow angle for the sharp tool was lower than that for the blunt
tool. Thus, the hypothesis that the deviation between the chip flow angle and the friction force
direction can be attributed to a finite cutting edge radius was true to a considerable extent since
the deviation between Kc and Kf was smaller with the sharp tool as compared to the blunt tool.
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Figure 4.11. Deviation between chip flow angles obtained from DIC and friction
force direction while cutting lead with different feeds using ultra-sharp tool.
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Figure 4.12. Deviation between chip flow angles, obtained from DIC and friction
force direction while cutting Al 6061-T6 with different feeds using ultra sharp
tool.
For the blunt tool, the indentation force component at the contact point between the edge
radius and the work piece had a significant effect on the forces, as can seen be from the very high
values encountered for the friction coefficient.
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To account for this, the indentation component of the forces was removed from the
measured forces (as shown in Appendix F) and the friction force angle was recomputed for the
rounded edge tool. Figures 4.13 and 4.14 show that, after removing the indentation component
for the blunted sharp tool, the predicted values of the friction force direction for both sharp and
blunt edge tools matched each other, but the deviation between the chip flow direction and the
friction force direction still prevailed (since nothing was changed here by removing the
indentation component from the forces). Also, note that the chip flow direction with the blunted
sharp tools was different, although the friction force direction (after removal of the indentation
component) was the same. This is understandable if we interpret the effect of the rounded cutting
edge as pushing the chip in a direction in order to increase the chip flow angle, with the reaction
force serving to reduce the friction force angle when the edge contribution is included in
calculating the friction force angle.
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Figure 4.13. Deviation between chip flow angles obtained from DIC
and friction force direction while cutting lead under different feeds
after removing the indentation component from the force
components.
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Figure 4.14. Deviation between chip flow angles obtained from DIC
and friction force directions while cutting Al 6061-T6 under different
feeds after removing the indentation component from the force
components.
In addition to the above tests where feed was varied, a separate set of experiments was
carried out where the inclination angle was varied. Results showed that the chip flow angle as
well as the friction force direction increased with the inclination angle (Figure 4.15). Note that
the inclination angles plotted along the X-axis in Figure 4.15 are the angles measured from DIC
(by observing at the tool rake face and the cutting edge before each cutting experiment).
A significant difference continues to be seen between the chip flow angle and the friction
force angle, even with ultra-sharp cutting tools. This implies that the force contributed by the
cutting edge was not the only reason for the deviation between the chip flow angle and friction
force angle.
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Figure 4.15. Deviation between the chip flow angles obtained from
DIC and the friction force direction while cutting Al6061-T6 under
varying inclination angles

4.2.2.

Effect of “Improper Shearing” Area on Chip Flow Angle

As mentioned earlier in section 3.1, the oblique cutting process can be considered to be
an assembly of elemental oblique cuts in thin sections parallel to the equivalent planes. As noted
in Figure 3.1 that the region ABB o CDD o GHH o on one side of the incoming material represents
an anomaly. All other parts of the projection of the uncut chip thickness on the rake face plane,
as well as the workpiece and chip corresponding to these regions, can be split into slices parallel
to the equivalent plane, such as LMPQONN ' L' M ' O' Q' P' shown in Figure 3.1, with shearing by
the cutting tool. However, the incoming material corresponding to the projection
ABB o CDD o GHH o was not cut by the tool, but rather was deformed as a result of deformation
of the adjacent material to which it was attached along the projection of EC onto the shear plane.
Since the material that is not sheared by the cutting edge occurred only on one side of the oblique
cut, it is likely that, if this improper shearing was a significant effect, a variation in the chip flow
angle would have been noted from one side to the other.
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Since the “un-sheared” material would have a tendency to flow faster than the sheared
material flowing on the chip, it is also likely that the chip velocity would be higher on the side of
the un-sheared material. The experimental results for cuts at higher feeds such as 200 Pm and
400 Pm where a clear deviation between Kc and Kf can be noted, were closely scrutinized in an
effort to look for such patterns. This was done by dividing the observation region (on the back
surface of the chip) into three regions, as shown in Figure 4.16.

1m

C

B

A

Figure 4.16. Image showing three different sections: A (lower region of the back chip),
B (middle region of the back chip), and C (upper region of the back chip) to investigate
the variation of chip flow angle at various region of the back side of the chip.
The average velocity vectors obtained from DIC in each of these three locations on the
chip are shown in Table 4.1. It can be seen that the variation in the average chip flow direction of
the chip is very small, indicating that the effect of the “improperly sheared” area on the chip flow
angle is not significant.
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TABLE 4.1
PREDICTED VALUES OF CHIP FLOW ANGLE AND MAGNITUDE OF DIC AT
DIFFERENT LOCATIONS ON CHIP TO STUDY THE EFFECT OF “IMPROPER
SHEARING” AREA ON CHIP FLOW DIRECTION
Cutting Condition

Lead-V= 0.1m/sFeed=400PmSharp- Edge Tool
Lead-V= 0.1m/sFeed=200PmRound Edge Tool

Chip Flow Angle Obtained from Velocity Vectors
Lower Region of
Mid Region of
Upper Region of
Chip (A)
Chip (B)
Chip (C)

35°, 0.055m/s

35°, 0.053m/s

36°, 0.052 m/s

43°, 0.053m/s

43°, 0.052m/s

44°, 0.050 m/s

Since the deviation between the chip flow angle and the friction force angle prevailed for
all cutting experiments and a possible reason for the deviation was not explained clearly, it was
interesting to study the variation in the T value, where Tis the angle between the normal to the
rake face and to the equivalent plane. It was noticed that the Tvalue measured from the forces
was always close to zero and when measured using the DIC technique showed a higher angle and
decreased as expected with the increase in feed, as shown in the Table 4.2. No particular trend
was noticed to explain the deviation between the chip flow angle and the friction force angle.
TABLE 4.2
CALCULATED VALUES OF THETA, T (DEG) FROM DIC AND FORCES WHILE
CUTTING AL6061 AND LEAD USING ULTRA-SHARP TOOL WITH (V=0.1M/S,
DN=35° AND I=20°)

Lead

Al 6061

Theta, T (deg)
From Forces
From DIC
-0.148
9.16
-0.116
7.11
-0.119
-4.07
-0.081
-6.28

Feed (μm)
50
100
200
400
20

-0.243

4.93

40

-0.224

5.03

60

-0.223

4.49
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4. 2. 3. Study of Effect of Edge Radius on the Deviation between Chip Flow Angle (Kc) and
Friction Force Angle (Kf)

Deviation between chip flow and
friction force angle (deg)

edge radius=0mm edge radius=10mm edge radius=25mm
25
20
15
10
5
0
-5
0

50

100
150
Feed (µm)

200

250

Figure 4.17. Effect of edge radius on the deviation between chip
flow angle and friction force angle
From our earlier studies it was observed that the effect of edge radius on the deviation
between the chip flow angle and friction force angle increases with increase in feed, as shown in
fig 4.17. It is to be noted that the cutting parameters such as the rake angle of the tool and the
cutting speed are not alike for the 10mm edge radius tool as compared to 0 and 25 mm edge
radius tool whose influence is not much felt when compared to feed.
4. 3. Measurement of Chip Flow Angle from Chip Width Technique

As mentioned earlier in section 2.3, the chip flow direction can also be calculated using
the relation between the chip width and the work-piece width, as given in equation (2.1). The
width of the chips obtained from each experiment cutting lead using sharp and rounded-edge
tools were measured using a microscope, as shown in the Figure 4.18.
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1 mm

Figure 4.18. Measurement of chip width using a measuring
microscope.
The measured width of the chip was used to measure the chip flow angle (Kc), which was
then compared to the chip flow angle measured by DIC. The results are shown in Figure 4.19 for
the sharp-edge tool and Figure 4.20 for the rounded-edge tool. These two figures that the chipwidth technique is not a good technique for measuring the chip flow angle, as discussed by
earlier researchers (Shaw et. al., 1952; Russel and Brown, 1965).
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Figure 4.19. Comparison of chip flow angle measured using different
techniques while cutting lead using an ultra-sharp edge tool.
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Figure 4.20.Comparison of chip Flow angle measured using
different techniques while cutting lead using a blunt edge tool.
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CHAPTER 5
CONCLUSIONS AND FUTURE WORK
5.1. Conclusions

The aim of achieving pure oblique cutting under a variety of cutting conditions was
reached using a linear slide that was capable of making straight “planning type” cuts. The chip
flow angle of Al 6061-T6 and pure lead were successfully measured by using stereoscopic ultrahigh-speed photography and 3D Digital Image Correlation. Simultaneously the cutting forces
were obtained from which the friction force direction was computed.
Before initiating the investigation of deviation between the sliding direction of the chip
over the tool rake face (chip flow angle) and the frictional force angle, an error analysis was
carried out to quantify the error while measuring an angle using the DIC technique and
measuring forces. It was found that the angle measured by the DIC technique was usually less
than 1° for angles greater than 10°, but for angles equal to 10° and less, the error could be up to
2°. It was also found that the effect of the force measurement contributed to an error in the
friction force angle measurement, which is less than r 1q . The accuracy of the dynamometer was
further studied, and it was observed that the error in measuring the friction force angle was found
to be minimum (up to  r1q ) at higher cutting forces and maximum (up to r 2.4q ) at lower
cutting forces.
Experiments were carried out using carbide inserts and an ultra-sharp tungsten carbide
knife under a wide range of cutting conditions. It was witnessed from the experiments that the
chip flow angle (Kc) and friction force angle (Kf) increased with an increase in feed and a
decrease in speed. Increase in inclination angle showed an increasing trend in Kc and Kf. It was
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also interesting to observe that the friction coefficient at the chip tool interface was an important
factor influencing the chip flow direction, as found by Lin and Oxley (1972).
As understood from the literature, a deviation was found between the chip flow angle and
the friction force angle in all experiments, which may be due to the effect of edge radius or the
effect of the “improper shearing” area on the chip flow angle. In order to investigate the effect of
cutting edge radius, tests were carried out with ultra-sharp tungsten carbide tools and
intentionally dulled tools. After comparing these results, it was evident to note that the deviation
between the chip flow angle and the friction force direction was attributed to a finite cutting edge
radius, which is true to a considerable extent since the deviation between Kc and Kf is smaller
with the sharp tool as compared to the blunt tool. It was noted that the effect of improper
shearing did not significantly influence the deviation between the chip flow angle and friction
force angle. As observed from the back side of the chip. There may be a greater effect if the front
side of the chip is viewed, but this was not part of the scope of this thesis.
5.2. Future Work

x

The use of transparent sapphire cutting tools coupled with ultra-high-speed photography
could help in the observation of the bulk chip flow direction and the interfacial sliding
direction simultaneously.

x

A friction coefficient (m) should be considered in the analytical friction model for
predicting the friction force angle from cutting forces.

x

For the sake of better investigation of the chip flow angle, pure lead could be replaced
with any other lead alloy that hardens while cutting. In addition, negative rake angle tools
with higher inclination would better serve the same cause.
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x

A 3D machining model could be developed for an oblique cutting condition, and a finite
element analysis could be carried out under various cutting conditions to compare the
results with the experimental study.
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APPENDIX A
CIRCUIT FOR TRIGGERING LASER PULSES EXTERNALLY

Vcc
i / p to PTU
+5v

A

B
V-

C
Rpd

Vcc

Vo

V+

R1
Rf

P1
R2

A- Light Emitting Diode
B- Photo Diode
C- LM 324N Comparator switch

Vcc = +5V
Rpd (Resistance to the photodiode) = 1m:
R1 = 10 k:
R2= 10 k:
Rf = 10 k:
P1 (Pot resistor) = 100 k:

Figure A.1. Circuit diagram used for circuit to trigger laser pulses externally.
Circuit Description:

Light emitted by the light emitting diode (LED) falls on the photodiode that completes
the circuit by a complete transfer of energy from the LED to the photodiode giving rise to a
trigger. Here, a 100k: potentiometer resistor is used to control the input required to the LED
such that the energy emitted from the LED does not exceed +5V. Whenever the path between the
LED and the photo diode is blocked, a dropping trigger is formed. But for the present setup, the
requirement is reversed. Whenever the path is blocked, a raising trigger should be triggered
which can further trigger the laser pulses through the programmable timing unit (PTU). For this
reason a Schmitt triggering circuit is placed in a series with the above-mentioned circuit to
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switch the output to negative when the input passes upward through a positive reference voltage
(Vcc). The (Vcc) is provided from a battery source to avoid noises from the power line. As
shown in figure A.2, this trigger action uses a LM324N comparator to produce a stable level
crossing switches. From the current circuit parameters, a trigger voltage of approximately 3.3V is
obtained when the path between the LED and photodiode is blocked and a trigger voltage of
approximately 0V when open. This raising trigger of 3.3V is sufficient enough to trigger the
lasers using the PTU.
1

14

Vo

2

13

V-

12

V+

4

11

Gnd

5

10

6

9

7

8

3
Vcc

LM 324 N

Figure A.2. Pin out diagram of LM324N comparator used in the Schmitt
triggering circuit.

LED

Photo Diode

Plate fixed to the linear
slide to block the path of
the LED and photodiode

Figure A.3. Actual set up showing the triggering circuit installed on the linear slide.
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APPENDIX B
DIGITAL IMAGE CORRELATION (DIC)

Digital Image Correlation (DIC) is the method by which the relative displacement of
image features between two images, representing the deformation of the surface of observation
between the times, can be tracked. DIC is carried out automatically by finding the number of
pixels displacement required for each point in order to maximize the correlation coefficient of
the pixel intensity maps in the two images. Many algorithms have been developed for DIC, such
as the two-parameter iterative method, the cross search method, and the Newton-Raphson
method (Dongmei et al., 2001). By correlating the number of points between the reference image
and the deformed image, a displacement field for the image can be produced. In this manner the
displacement map, which maximizes the correlation over the entire image, can be obtained. This
method is widely used to obtain deformation field experimentally in different manufacturing
processes including sheet metal forming, and can be extended to measure displacement and
strains in dynamic process such as machining and recording images at very high speeds.
B.1.

DIC in Obtaining Chip Flow Direction under Oblique Cutting Condition

A pure oblique cutting process is carried out on a linear slide, and four pairs of stereo
images are acquired, which are initially corrected and rescaled with respect to the calibrated
images. Later on, a sequence of batch processing is carried out to obtain the velocity vectors of
the chip flowing at an angle over the rake face plane. Finally the chip flow direction is calculated
mathematically from the attained velocity vectors.

71

B.1.1. Calibration of Cameras

Calibration of the cameras and images they acquire is essential for further image
processing. For example to calculate velocity vectors, it is critical to measure the distance in
millimeters units rather than in pixels. Calibration of the cameras is also required if the camera
viewing direction is not perpendicular to the object plane and the generated image has
distortions. A spatial calibration was carried out for the current camera set-up using a calibration
plate with equidistant marks (crosses or dots) on it.

Figure B.1. Flat calibration plate.
A pin hole fit calibration was carried out where the position and orientation of one or
more cameras relative to the calibration plate were estimated. Before any calibration was done,
all inputs such as plate type, plate with (defines the forms of marks on the plate), distance
between marks, and plate thickness, were provided. In addition, for stereoscopic calibration
images, a calibration plate at different Z-positions was provided. Three different planes at equal
intervals along Z in millimeter units were chosen and the correct direction was entered. In the
case of a right hand coordination system, the value of dZ was positive since the distance between
the calibration plate and the camera was decreasing from the first to the second Z-position.
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Once the pin hole fit parameters were accepted, the entire images in the respective project
were rescaled with respect to the calibrated images.
Once the cameras were calibrated carried out, the same calibration plate was tilted to give
an inclined view, very similar to looking at a rake face plane of a cutting tool with rake and
inclination angles. The calibration plate was then moved a known distance (50Pm) in the x
direction and later the same distance in the y direction and images were acquired at each
instance. The displacement of the dots on the calibration plate were calculated at each instances
using the DIC technique explained below, i.e., after moving only along the x-direction and after
moving only along the y-direction. It was noticed that the displacement measured after moving
along the x-direction was accurate regardless of the image focus, but the displacement measured
after moving along the y-direction was contributing to some error, especially in those regions
where the calibration plate was out of focus. In order to reduce this effect it was decided to mask
the images acquired and consider only the region that was in good focus for performing DIC.
B.1.2. Batch Processing

Batch processing as shown in figure B.2 is one of the options provided in DavisTM
software for managing a project where various operations are provided to carry out image
processing. Four operations were involved in obtaining the velocity vectors of the chip flowing
over the rake face plane and the process tree showing all the operations involved in obtaining the
vector field is shown in figureB.2. The sequences of processes are as follows:

Figure B.2. Typical process tree showing all the operations involved in
obtaining vector field of chip flowing over rake face.
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B.1.2.1. Operation: Dual Frame to Single Frame (Convert to 2X4 Frame Buffer)

Raw data acquired from the cameras consisted of an eight frame sequence that made
up to four pairs of stereo images. The four pairs were acquired in such a way that the cameras
were sensitive to the blue and red lasers form a stereo pair. Similarly, cameras sensitive to the
green and orange lasers formed a second pair. In the eight frame sequence, numbered from 0 to
7, the first two images (frames 0 and 1 ) were obtained from camera 1 (sensitive to blue), frames
2 3 obtained from camera 2 (sensitive to green), frames 4 & 5 obtained from camera 3 (sensitive
to red) and frames 6 & 7 obtained from camera 4 (sensitive to orange). Initially this image file is
converted into a 2 by 4 frames image file where it converted frames 0 to 7 to frame (0, 2, 4, and
6) and frame (1, 3, 5, and 7). By this conversion, four frame buffers were attained and each
buffer consisted of a pair of images acquired from the same camera at two different times
forming a time series.
B.1.2.2. Operation: Copy and Reorganize (Reorganize Frames)

Four frame buffers obtained from the initial step were reorganized to the appropriate
source to separate the two stereo pairs to further process individually. By doing so, the frames of
camera 1 (blue) and camera 2 (red), which make up a pair, could be separated from the pair made
up by camera 3 (green) and camera 4 (orange).
B.1.2.3 Operation: Correlation Time-Series (3d Surface Height)

One of the reorganized frames from the previous process consists of two stereo pairs
taken by the blue and red cameras at time 1 and the second stereo pair taken at time 2. 3D
correlation of the time series was carried out to obtain the 3D surface that best fit the images
recorded from the two different viewing directions. The operation “3D surface height” contained
5 sub-dialogs to set parameters as shown in the figure B.3.
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Figure B.3. The screen shot showing the window for carrying out the
3D correlation of the time series to obtain the 3D Surface height.
Initially, “image preprocessing” is carried out to enhance the image contrasts for a better
correlation. This was done by doing a non-linear filter such as subtracting the sliding background
by a scale length of 11 pixels as shown in figure B.4.

Figure B.4. The screen shot showing the window for carrying out the
image preprocessing to enhance the images.
Secondly, the images were masked out leaving out only the region of interest to obtain
the 3D surface height in the masked region. The third entry consisted of a selection box to
determine the initial approximation of the surface height for the first image, which was
calculated using the wizard dialog, as shown in the figure B.5 and the same approximation was
used for all other images to carry out a correlation of the time series to obtain the 3D surface that
best fits the two viewing directions.
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This correlation can be carried out in an iterative way. This iterative surface adaptation
of the start surface can be selected up to 3 levels which can be chosen from the window as shown
in the figure B.6.

Figure B.5. The screen shot showing the window for starting the wizard
dialog to determine the initial approximation of the 3D surface.

Figure B.6. The screen shot showing the window for carrying out an
iterative surface adaptation of the start surface to obtain the 3D surface.

If a reasonably good approximation to the surface height could be given, the real surface
height could be fit easily to the images using the iterative process. Figure B.7 clearly explains
pictorially the calculation of the 3D surface height from the above steps.
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Figure B.7. Pictorial representation of the 3D surface height calculation
(from DaVis StrainMaster software manual by LAVISION ).

B.1.2.4. Operation: Correlation Time Series (3D Deformation Time Series)

The obtained surface topography and the underlying image information from two times
were correlated together to obtain the 3D displacement vectors at each point on the back surface
of the chip. Initially the vector calculation parameters were defined in the window shown in
figure B.8.

Figure B.8. The screen shot showing the window for carrying out a
deformation time series to calculate the displacement vectors on the back
surface of the chip.
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Similar to the surface height calculation, vector fields were calculated using a multi-pass
iterative process and by choosing the right window size and amount of overlap between each
window size. Doing more iteration stabilized the result as an intermediate post-processing since
they detect spurious vectors and replace them with the most probable shift consistent with the
local neighborhood. Even after doing more iterations if the spurious vectors exist, the vectors are
post-processed, and an effective way to improve the results was with the median filter, as shown
in the window, which iteratively disabled bad vectors and tries to fit the best vector.
The average velocity vector of the chip flowing over the rake face was calculated and
further used in a simple mathematical model to calculate the chip flow angle.
B.1.3. Mathematical Model to Calculate the Chip Flow Direction using the Results
obtained from DIC

A simple representation of the tool and the rake face plane is shown in the Figure B.4.
The chip flow angle was obtained by taking the dot product of the average chip velocity obtained


from DIC and the vector perpendicular to the cutting edge along the rake face plane HK (from
Figure B.4) as

K



c

cos 1 (Vˆc . HK )

(B.1)

To obtain the vector perpendicular to the cutting edge along the rake face plane, it was essential
to find the unit vector along the cutting edge CCc, as shown in Figure B.4. The average unit


vector CC c in the direction of the cutting edge was calculated by choosing many points along
the cutting edge on the tool rake face image that was corrected for the 3D
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Vw: cutting velocity.
CCc: cutting edge.
i: inclination angle (angle
between the plane HIJKc
perpendicular to Vw and the
cutting edge CCc).
Dn: normal rake angle (angle
between HK and HKc).
K : Chip flow angle (angle
between HK and Vc).
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HK is the direction on the tool
rake face that is
perpendicular to CCc

F

Figure B.9. Tool rake face plane and nomenclature used to calculate
chip flow angle from average velocity vectors.





surface height. From the attained CC c vector, the unit vector HK was determined from




HK

nˆ u CC c

(B.2)

where n̂ is the normal vector to the rake face plane (refer to Figure 3.15) .Then

nˆ

>a1, b1,1@
a1, b1,1

(B.3)

where a1 and b1 are the parameters controlling the rake face plane which are attained by fitting
a plane equation of the form a1x  b1y  c1 Z to the corrected surface of the two stereoscopic
images of the tool rake face .
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From the Figure B.9 the inclination angle can be written also as


(i )

Sin 1 (CC cx VˆW )

(B.4)

This inclination angle was a way to check the inclination set for the experiment using the rotary
swivel stage. Similarly, the normal rake angle of the tool can be checked as
(D n )





Cos 1 ( HK x HK ' )

(B.5)



where HK ' is the unit vector perpendicular to the incoming velocity vector of the workpiece.
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APPENDIX C
MEASUREMENT OF FRICTION FORCE ANGLE FROM ACQUIRED FORCES

It is understood from the experimental setup that the forces acquired from the
dynamometer must be corrected to the global coordinate for the rotation made on the rotary
swivel stage to the required inclination angle. In the present experimental setup, as the swivel
was rotated by an angle of (-i°) for the required inclination angle, the forces are to be corrected
as follows,
Fy’

Fy

-i
Fx’
-i
Fx

Figure C.1. Corrected forces acquired from the dynamometer.

FX

'

'

FX * Cosi  FY * Sini
'

'

FY FX * Sini  FY * Cosi
FZ FZ
where Fxc and Fyc are acquired from the dynamometer. Once the forces were corrected to the
global coordinates, they are further transformed to the model coordinates used in the maple
algorithm, which transformed the forces from the X-Y-Z plane to the rake face plane to measure
the friction force direction. In the model coordinate system, the cutting force direction (X) along
the force applied by the tool on the workpiece, the radial force direction (Y) along the vertical
direction where the cutting edge inclined such that the chip flowed upward, and the thrust
direction (Z) along the depth of cut motion of the tool into the workpiece. Whereas the forces
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acquired from the dynamometer are in such a way that the cutting direction is along the force
exerted by the workpiece onto the tool holder, i.e., along –X, the radial force direction was along
the vertical direction where the cutting edge was inclined such that the chip flowed upward, i.e.,
along the Y and thrust force Z direction is into the dynamometer, which is a negative direction of
the depth of cut motion of the tool into the workpiece, i.e., along –Z.
In short, from the corrected forces for the swivel rotation, the negative values of cutting
force and thrust force and the positive value of the radial force taken as the input for the maple
algorithm to measure the friction force direction in section C.1.
C. 1. 1. Maple Algorithm to Calculate the Chip Flow Angle from the Acquired Forces
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APPENDIX D
CHARACTERIZATION OF CUTTING TOOLS

D. 1.

Rake Angle Measurement

The profilometry technique was used to characterize the rake angle and edge radius of the
tools used in the present oblique cutting experiments. A 3D profilometer (MicroXAM

TM

) was

utilized to measure the rake angle of the carbide insert, which was used in the initial oblique
cutting experiments for cutting lead and aluminum. The insert was placed on the profilometer
table in such a way that the cutting edge was parallel to the Y axis of the table, and the surface
profile of the rake face plane was obtained. Figure D.1 shows a typical surface profile of the rake
face plane viewed under a 3D interferometric profilometer (MicroXAM).

Figure D.1. Profile of a +10° rake face plane seen under a 3D Interferometric
profilometer (image taken using MicroXAM 3D profilometer).

Coordinates of the position with respect to the height of a line perpendicular to the
cutting edge was extracted from the profile with which a straight line equation of the form ( y =
m x + c ) was fit using JMPin TM, where m and c were the parameters of the line.
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From the fit parameter “m”, which is the slope of the line on the rake face plane and
perpendicular to the cutting edge, the rake angle can be calculated as
D  Tan  m  D 
D. 1. 1

Output of Fit Parameters from JMPin Software

Nonlinear Fit
Control Panel
Report
Converged in the Gradient
Criterion
Current
Stop Limit
Iteration
2
60
Shortening
0
15
Obj Change
8.706781e-16
0.0000001
Prm Change
1.765679e-13
0.0000001
Gradient
1.468882e-21
0.000001
Parameter
Current Value Lock
m
0.1625090655
c
-9.002717701
SSE
0.7650746943N
2047
Edit Alpha
0.050Convergence Criterion
0.00001Goal SSE for CL
.Solution
SSE
DFE
MSE
RMSE
0.7650746943
2045
0.0003741
0.0193422
Estimate
ApproxStdErr
Lower CL
Parameter
0.1625090655
0.00001452
.
m
-9.002717701
0.00085471
.
c

y (um)

Plot

0

-10
0

10 20 30 40 50 60 70 80 90 100
x (um)

Parameter
m
c

Estimate
0.1625090655
-9.002717701

Low
0.16242
-9.0078

High
0.1626
-8.9976
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Upper CL
.
.

From the obtained m value, the rake angle of the carbide tool used was
found to be 9.3°.In addition, as mentioned earlier, the rake angle of the tool was verified from the
DIC technique by acquiring the images of the tool rake face. The rake angle for the above
mentioned tool was measured to be 9.4° from DIC.
Similarly, a high rake angle for the ultra-sharp tool measured using a 2D profilometer
by projecting the magnified shadow of the tool side profile, as shown in the Figure D.2. The
coordinate points along the rake face plane were measured precisely up .0001 inch, and the slope
of the line was determined to obtain the rake angle of the tool. The rake angle was measured
close to be 35° for the ultra-sharp edge tool. Using a Co-ordinate Measuring Machine (Mitutoyo,
Model#FN905), and was found to be exactly 34.9° ,which was later compared with the rake
angle measured from DIC, which was found to be 35.4°.

Figure D.2. Projected 2D profile of the high rake sharp
tool seen under a profilometer.
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D.2.

Edge Radius Measurement

The edge radius of the rounded tool and the carbide insert were measured using the
MicroXAM 3D profilometer. Figure D.3 shows the 3D profile of the rounded-edge tool, which
had a very high rake angle of 35°. The image was taken at a very high magnification, and a XY
profile was taken across the cutting edge, as shown in the Figure D.4. The X and Y coordinate
extracted into MS-Excel to fit a circle equation to obtain the edge radius of the tool. The edge
radius of the rounded edge was found to be approximately close to 25Pm. Similarly, the edge
radius of the grounded carbide tool with a 10° rake was found to be approximately of the order of
10 Pm.

Figure D.3. 3D view of the edge radius of the 35° rounded-edge
tool used for oblique cutting experiments (image taken using
MicroXAM 3D profilometer).

Figure D.4. XY profile across the cutting edges of the 35° rounded-edge
tool used for oblique cutting experiments (image taken using MicroXAM
3D profilometer).
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APPENDIX E
BALL DROP TEST TO MEASURE THE NATURAL FREQUENCY OF THE FORCE
MEASURING SYSTEM

As mentioned earlier, when the slide moves, the vibration due to the high speed switching
of the motor current caused the tool holder and the dynamometer system to vibrate at its natural
frequency. To measure approximately this vibration that manifests itself as an oscillation in the
cutting forces measured by the dynamometer, a simple ball drop test was carried out, whereby a
half-inch diameter steel ball was dropped over the dynamometer close to the tool tip and the
vibration was measured similar to the forces measured using the data acquisition software. It was
found that, when the data were acquired at 10,000 scans per second, although there were noises
at various frequencies, predominantly they were at a frequency of 330 Hz, as shown in Figure
E.1, which was also verified using a gage scope. The same data was acquired with the slide
moving at 0.1m/s, and it was noticed that the same 330 Hz was predominant, thus concluding
the natural frequency of the force measuring system to be approximately 330 Hz.
15
10

Volts (V)

5
0
-5
-10
-15
1

166 331 496 661 826 991 1156 1321 1486 1651 1816 1981

Data points (10000 scans per sec)

Figure E.1. Vibration measured using dynamometer when a half-inch
diameter steel ball was dropped over dynamometer close to tool tip
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APPENDIX F
RESOLVING THE INDENTATION COMPONENT OF THE CUTTING FORCES

The cutting forces obtained in each of the three orthogonal directions from the cutting
experiments were plotted with respect to feed. A polynomial trendline was plotted with a power
of 2 for each curve obtained, as shown in Figures F.1.a, F.1.b. and F.1. c. The Y intercept for
each orthogonal direction was calculated when the feed was zero and this intercept is taken as the
measure of the indentation component due to the edge radius.

Cutting force (Fx)

Force ( N)

150
100
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y = -0.022x 2 + 2.8x + "41.735"
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Figure F.1a. Feed Vs. Cutting force (Fx) while cutting Al6061-T6
using a blunt-edge tool with an edge radius of the order of 25Pm.
Radial Force (Fy)
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Figure F.1b. Feed Vs. Radial force (Fy) while cutting Al6061-T6
using a blunt-edge tool with an edge radius on the order of 25Pm.
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T hrust Force (Fz)
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Figure F.1c. Feed Vs. Thrust force (Fz) while cutting Al6061-T6
using a blunt-edge tool with an edge radius onb the order of 25Pm.
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APPENDIX G
COMPARISON OF THE INCLINATION ANGLE OBTAINED FROM DIC AND THE
ANGLE SET IN THE ROTATING SWIVEL

The inclination for the tool rake face was set by the rotating swivel. Since there could be
some possible errors while physically setting the inclination angle through a rotating swivel, a
comparison was made with the angles obtained from DIC. The motivation behind this
comparison with DIC was because, as already proved, the error contributed by using the DIC
technique was less than a degree. The comparisons are tabulated in Table G.1.

TABLE G.1
COMPARISON OF THE INCLINATION ANGLE SET IN THE ROTATING SWIVEL
WITH THE ANGLE MEASURED USING DIC TECHNIQUE.
Tool Description

Inclination Angle Set using

Inclination Angle Measured

the Rotating Swivel (deg)

using DIC (deg)

Carbide tool with 10° rake

20

19.4

Ultra-sharp tool

10

7.6

Ultra-sharp tool

20

16.4

Ultra-sharp tool

30

26.1
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