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Abstract
This work studied the effects of step size, angle, spindle speed, and feed rate on the external
surface roughening, orange peel effect, observed in single point incremental forming (SPIF).
Experimental results were used to estimate models to categorize the extent of orange peel
roughening based on visual inspection and on surface roughness measurements. Tests were
performed at very high rotational speeds and feed rates and showed various influences on surface
roughness, thickness distribution, and grain size.
Friction at the tool-sheet interface was also studied with a completely instrumented tool that
measured and recorded torsion and forming forces through deformation strains. Coefficients of
friction for each part were determined and through statistical analysis, the influence of each of the
following forming parameters was established: material thickness, formed shape, tool size, step
size, forming speeds (feed rate and rotational speed), and forming angle. Multidimensional
response surfaces were generated to show when and under what condition friction was
minimized.
A new contact zone representation for SPIF was also established. This formulation used common
forming parameters and geometric considerations to determine the contacting zone between the
sheet and the tool. Area models were proposed for both the tangential and torsional component
of friction in SPIF.

ii

Acknowledgements
First and foremost I would like to thank Dr. Jack Jeswiet for putting up with me for 2+ years and
allowing me to undertake this research project. His continued support, encouragement, and
discussion were critical to the success of this project.
My thanks to Mr. Onno Oosten for his patience and steady hands as he tirelessly affixed strain
gauges on four different iterations of my forming tool.
Thank you to Christopher Russell and Marnie Ham from UOIT for their help with the design of
the adjustable forming rig used to conduct all SPIF experiments.
Many thanks to the boys in the McLaughlin Hall machine shop: Paul Moreland, Andy Bryson,
Derek Hodgson, and Corey Fowler. Your humour as you fabricated the forming rig and tools was
much appreciated.
Thank you Charlie Cooney for your guiding hands during the metallographic tests.
Thank you to Jeff Kloosterman, Jennifer Barwick and Kathryn Young for conducting some of my
test and dealing with my many requests.
Ron Anderson and Jim McLellan both for putting up with my discussions and providing very
helpful guidance and knowledge when needed.
Thanks to my housemate Andrew Duncan and my friend Mike Taylor for helping me to "keep
it real" and for engaging in countless discussions that helped solve my „simple‟ problems.
To my parents and siblings, thank you for your continued support and encouragement.
I give my thanks to you Jennie Aitken for your love and support. Thanks also to your ears for
listening to my many stories about SPIF and Friction.

iii

Table of Contents
Abstract ...........................................................................................................................................................ii
Acknowledgements ....................................................................................................................................... iii
Table of Contents ...........................................................................................................................................iv
List of Figures ...............................................................................................................................................vii
List of Tables..................................................................................................................................................ix
Notation ........................................................................................................................................................... x
Chapter 1 Introduction ...................................................................................................................................................... 1

1.1 Background ........................................................................................................................................... 1
1.2 Objectives ............................................................................................................................................. 2
Chapter 2 Literature Review ............................................................................................................................................. 4

2.1 General SPIF Introduction .................................................................................................................... 4
2.1.1 Forming Toolpath .......................................................................................................................... 5
2.1.2 Important Forming Parameters ...................................................................................................... 7
2.1.2.1 Sheet Material ........................................................................................................................ 7
2.1.2.2 Forming Angle ....................................................................................................................... 8
2.1.2.3 Tool Size ................................................................................................................................ 8
2.1.2.4 Step Size ................................................................................................................................. 9
2.1.2.5 Forming Speeds ...................................................................................................................... 9
2.1.2.6 Sheet Thickness .................................................................................................................... 10
2.1.2.7 Lubrication and Shape .......................................................................................................... 11
2.2 Friction Introduction: Historic Models ............................................................................................... 12
2.2.1 Interlocking Mechanistic Model .................................................................................................. 12
2.2.1.1 Contact Area......................................................................................................................... 13
2.2.2 Adhesion Model .......................................................................................................................... 14
2.2.3 Welding Friction Model: Through adhesion and deformation .................................................... 17
2.2.4 Junction Growth Model ............................................................................................................... 18
2.2.5 Quasi-friction model .................................................................................................................... 20
2.3 SPIF Friction Considerations .............................................................................................................. 21
2.4 References ........................................................................................................................................... 23
Chapter 3 Qualitative Speed Study ................................................................................................................................. 25

3.1 Introduction......................................................................................................................................... 25
3.2 Experimental Methods ........................................................................................................................ 26
3.3 Results and Discussion ....................................................................................................................... 27
3.3.1 Statistical Analysis ...................................................................................................................... 31
3.3.2 Observations ................................................................................................................................ 38
3.3.2.1 Shallow wall angle parts (θ < 40o) ....................................................................................... 38
3.3.2.2 Steep wall angle parts (θ > 40o)............................................................................................ 39
3.3.2.3 Tool effect ............................................................................................................................ 40
3.3.2.4 Lubrication effect ................................................................................................................. 40
3.4 Conclusions ......................................................................................................................................... 41
3.5 References ........................................................................................................................................... 42
Chapter 4 Quantitative Speed Study ............................................................................................................................... 43

4.1 Introduction......................................................................................................................................... 43
4.2 Experimental Methods ........................................................................................................................ 44
4.3 Results and Discussion ....................................................................................................................... 45
4.3.1 Thickness Distribution ................................................................................................................. 50
4.3.2 Model Estimation ........................................................................................................................ 52
4.3.3 Microstructure ............................................................................................................................. 55
4.4 Conclusion .......................................................................................................................................... 56

iv

4.5 References ........................................................................................................................................... 57
Chapter 5 Friction Study Hardware and Sensor Design .................................................................................................. 58

5.1 Forming Rig Design ............................................................................................................................ 58
5.2 Tool Design......................................................................................................................................... 60
5.3 Sensor Design ..................................................................................................................................... 61
5.3.1 Original Design ........................................................................................................................... 61
5.3.2 New Sensor Design ..................................................................................................................... 64
5.3.2.1 Node ..................................................................................................................................... 64
5.3.2.2 Strain gauges ........................................................................................................................ 65
5.3.2.3 Mount ................................................................................................................................... 66
5.3.3 Rotary Encoder ............................................................................................................................ 69
5.3.4 Final Assembly ............................................................................................................................ 70
5.4 Summary ............................................................................................................................................. 70
5.5 References ........................................................................................................................................... 70
Chapter 6 Signal Processing ........................................................................................................................................... 72

6.1 Introduction......................................................................................................................................... 72
6.2 Run-out Signal Attenuation ................................................................................................................ 73
6.3 Signal Manipulation ............................................................................................................................ 74
6.3.1 Noise Effects ............................................................................................................................... 75
6.3.2 Filter Consideration ..................................................................................................................... 77
6.3.3 Noise Reduction .......................................................................................................................... 82
6.4 Time Shifting ...................................................................................................................................... 84
6.5 Forces.................................................................................................................................................. 87
6.6 Summary ............................................................................................................................................. 89
Chapter 7 Friction Tool Calibration ................................................................................................................................ 90

7.1 Introduction......................................................................................................................................... 90
7.2 Load Cell ............................................................................................................................................ 91
7.2.1 Precision ...................................................................................................................................... 92
7.2.2 Linearity ...................................................................................................................................... 93
7.2.3 Sensitivity .................................................................................................................................... 94
7.3 Strain Gauge Calibration ..................................................................................................................... 95
7.3.1 Static Calibration ......................................................................................................................... 95
7.3.1.1 Axial Bridge ......................................................................................................................... 95
7.3.1.2 Bending Bridges (B1 and B2) .............................................................................................. 97
7.3.1.3 Torsion Calibration .............................................................................................................. 99
7.4 Lubrication Consideration ................................................................................................................ 102
7.4.1 Ring Compression Test ............................................................................................................. 103
7.4.1.1 Testing Procedure............................................................................................................... 104
7.4.1.2 Lubricants ........................................................................................................................... 104
7.4.1.3 Justification ........................................................................................................................ 104
7.5 Summary ........................................................................................................................................... 106
7.6 Reference .......................................................................................................................................... 106
Chapter 8 Geometric and Area Considerations ............................................................................................................. 107

8.1 Introduction....................................................................................................................................... 107
8.2 Deformation Components ................................................................................................................. 108
8.2.1 Indentation ................................................................................................................................. 108
8.2.1.1 Tool Rotation ..................................................................................................................... 111
8.2.2 Ploughing ................................................................................................................................... 116
8.2.3 Torsion Portion .......................................................................................................................... 118
8.3 Area Considerations .......................................................................................................................... 119
8.3.1 Tool Contact Geometry ............................................................................................................. 119
8.3.1.1 Enhanced Contact Zone ..................................................................................................... 120

v

8.3.1.1.1 Contact Width ............................................................................................................. 121
8.3.1.1.2 Area............................................................................................................................. 122
8.3.1.1.3 Tangential Friction Area ............................................................................................. 124
8.3.1.1.4 Torsional Friction Area ............................................................................................... 125
8.4 Summary ........................................................................................................................................... 126
8.5 References ......................................................................................................................................... 126
Chapter 9 Friction Analysis .......................................................................................................................................... 127

9.1 Introduction....................................................................................................................................... 127
9.2 Statistical Design .............................................................................................................................. 128
9.3 Force Conversions ............................................................................................................................ 129
9.3.1 Forces ........................................................................................................................................ 129
9.3.2 Friction ...................................................................................................................................... 131
9.3.2.1 Tangential friction .............................................................................................................. 131
9.3.2.2 Torsional Friction ............................................................................................................... 131
9.3.2.3 Total Friction ...................................................................................................................... 132
9.4 Results and Discussion ..................................................................................................................... 132
9.4.1 Friction Distribution .................................................................................................................. 134
9.4.2 Statistical Analysis .................................................................................................................... 140
9.4.2.1 Main Effects ....................................................................................................................... 142
9.4.2.2 Interaction Effects .............................................................................................................. 144
9.4.2.3 Parameter Interaction ......................................................................................................... 146
9.4.2.4 Response Surfaces .............................................................................................................. 147
9.4.2.4.1 Thickness .................................................................................................................... 147
9.4.2.4.1 Step Size ..................................................................................................................... 148
9.4.2.4.2 Tool Size ..................................................................................................................... 151
9.4.2.4.3 RPM ............................................................................................................................ 153
9.4.2.4.4 Feed ............................................................................................................................ 154
9.4.2.4.5 Angle........................................................................................................................... 155
9.5 Conclusions ....................................................................................................................................... 155
9.6 References ......................................................................................................................................... 156
Chapter 10 Conclusions and Future Work .................................................................................................................... 157

10.1 General Conclusions ....................................................................................................................... 157
10.2 Future Work .................................................................................................................................... 159
Chapter 11 Appendices ................................................................................................................................................. 161

11.1 Appendix A – Old Hardware .......................................................................................................... 161
11.1.1 Hohner Corp. Encoder ............................................................................................................. 161
11.1.2 Slip Ring Assembly ................................................................................................................. 163
11.1.3 Vishay Signal Conditioners ..................................................................................................... 164
11.2 Appendix B – New Hardware ......................................................................................................... 165
11.2.1 Sensor Mount ........................................................................................................................... 165
11.2.2 Encoder Assembly ................................................................................................................... 168
1.1 Appendix C – Forming Rig............................................................................................................... 170
1.2 Appendix D – Forming Tool............................................................................................................. 176
11.3 Appendix E – Friction Experimental Parts ..................................................................................... 180
11.4 Appendix F – CNC Code ................................................................................................................ 183
11.4.1 Sample G-Code with DPRNT for part O1 ............................................................................... 183
11.5 Appendix G – Journal and Conference Papers ............................................................................... 184
11.5.1 Published Papers ...................................................................................................................... 184
11.5.2 Papers in Review ..................................................................................................................... 184

vi

List of Figures
Figure 2.1: SPIF forming rig [1]. .................................................................................................................... 5
Figure 2.2: Cone toolpath contours [2]............................................................................................................ 6
Figure 2.3: Overview of SPIF forming with key parameters [3]. .................................................................... 7
Figure 2.4: Euler's triangular asperities ......................................................................................................... 13
Figure 2.5: Components of contacting area [13]. .......................................................................................... 14
Figure 2.6: Change in friction with surface roughness [13]. ......................................................................... 16
Figure 3.1: Experimental oval shape. ............................................................................................................ 26
Figure 3.2: Decision model for Roughness categorization. * k=25.4............................................................ 29
Figure 3.3: Roughness contour plots. ............................................................................................................ 30
Figure 3.4: Multivariate plot of parameters with model response. ................................................................ 32
Figure 3.5: Main effects plot showing forming parameters influence on OP. ............................................... 33
Figure 3.6: The influence of parameter interaction on OP. ........................................................................... 34
Figure 3.7: Actual vs. predicted plot of orange peel. .................................................................................... 35
Figure 3.8: Residual by Row Plot ................................................................................................................. 36
Figure 4.1: Sensitivity of roughness to the shape factor. ............................................................................... 47
Figure 4.2: Roughness contour plots. ............................................................................................................ 49
Figure 4.3: Thickness distribution for samples with 62 o maximum wall angle. ............................................ 51
Figure 4.4: Thickness distribution for samples with 48 o maximum wall angle. ............................................ 51
Figure 4.5: Thickness distribution for samples with 34o maximum wall angle. ............................................ 52
Figure 4.6: Main effects plot for parameter influence on effective roughness. ............................................. 53
Figure 4.7: The influence of parameter interaction on OP. ........................................................................... 54
Figure 4.8: Actual vs. predicted plot of orange peel. .................................................................................... 54
Figure 5.1: Old forming platform. ................................................................................................................. 58
Figure 5.2: Adjustable forming rig ................................................................................................................ 59
Figure 5.3: Redesigned forming tool shaft
Figure 5.4: Replaceable hemispherical tool tip .................... 60
Figure 5.5: Original forming tool configuration [1]. ..................................................................................... 63
Figure 5.6: V-Link wireless voltage node with USB receiver from Microstrain Inc. ................................... 64
Figure 5.7: Strain gauge bridge configuration ............................................................................................... 65
Figure 5.8: UHMWPE sensor mount. ........................................................................................................... 67
Figure 5.9: Final tool assembly ..................................................................................................................... 71
Figure 6.1: Tool with deflection (dashed line). ............................................................................................. 73
Figure 6.2: Amplitude attenuation of B1 because of tool run-out. ................................................................ 74
Figure 6.3: Filtering data noise at 400rpm. ................................................................................................... 75
Figure 6.4: Unfiltered signal and noise at 800 RPM. .................................................................................... 77
Figure 6.5: High order (3rd) phase shift in filter response. ............................................................................ 78
Figure 6.6: Filter response at 1st order with 25 Hz cut-off. .......................................................................... 79
Figure 6.7: Forces with low-pass filtering. .................................................................................................... 81
Figure 6.8: Forces with band-pass filtering on bending and torsion signals. ................................................ 81
Figure 6.9: FFT at 400 rpm without filtering. ............................................................................................... 83
Figure 6.10: FFT at 400 rpm with low-pass filter. ........................................................................................ 83
Figure 6.11: Filter time shift. ........................................................................................................................ 84
Figure 6.12: Force change over the first three contours. ............................................................................... 87
Figure 6.13: Forces around contour transition at step down. ........................................................................ 88
Figure 6.14: Torsion change over the first three contours. ............................................................................ 88
Figure 6.15: Torsion around contour transition at step down. ....................................................................... 89
Figure 7.1: Calibration Cantilever beam [1]. ................................................................................................. 90
Figure 7.2: Wiring diagram for cantilever beam [1]. .................................................................................... 91
Figure 7.3: Cantilever beam with attached weights for calibration [1]. ........................................................ 92

vii

Figure 7.4: Excerpt of precision test results. ................................................................................................. 93
Figure 7.5: Linearity test results. ................................................................................................................... 94
Figure 7.6: Calibration curve for cantilever beam. ........................................................................................ 95
Figure 7.7: Beam setup for static calibration [1]. .......................................................................................... 96
Figure 7.8: Calibration curve for the axial bridge. ........................................................................................ 96
Figure 7.9: Load cell orientation for bending bridge [1]. .............................................................................. 97
Figure 7.10: Bending (B1) bridge calibration curve. .................................................................................... 98
Figure 7.11: Bending (B2) bridge calibration curve. ..................................................................................... 98
Figure 7.12: Torque calibration adapter. ....................................................................................................... 99
Figure 7.13: Free- body diagram of the torque adapter wrench from top view [2]. .................................... 100
Figure 7.14: Berkley fish weigh scale (50lbs capacity) [3]. ........................................................................ 100
Figure 7.15: Excerpt from precision test for the torsion bridge................................................................... 101
Figure 7.16: Torsion bridge calibration curve. ............................................................................................ 102
Figure 7.17: Lubrication effect on a compressed ring [6]. .......................................................................... 103
Figure 7.18: Static friction calibration curves for lubricants. ...................................................................... 105
Figure 8.1: SPIF forming mechanisms. ....................................................................................................... 107
Figure 8.2: Indentation geometry ................................................................................................................ 108
Figure 8.3: Relationship between bending, indentation, and stretching heights ......................................... 110
Figure 8.4: Magnified indentations ............................................................................................................. 112
Figure 8.5: Percentage indentation achieved with each h I increment at different RPM. ............................. 114
Figure 8.6: Relationship between step-size, h, and indentation height, h1. ................................................. 115
Figure 8.7: Scratch geometry with a conical indenter [1]. .......................................................................... 117
Figure 8.8: Simple contact zone [4]. ........................................................................................................... 119
Figure 8.9: Tool contact geometry .............................................................................................................. 120
Figure 8.10: Relative motion feature. .......................................................................................................... 122
Figure 8.11: Tool contact area from X, Z and Y perspectives respectively. ............................................... 123
Figure 8.12: Orthogonal views of the contact zone. ................................................................................... 124
Figure 9.1: Graphical representation of Box-Behnken [2]. ......................................................................... 129
Figure 9.2: Instantaneous force diagram. .................................................................................................... 130
Figure 9.3: Total friction with tangential and torsional components. .......................................................... 135
Figure 9.4: Total friction distribution for part O1 ....................................................................................... 135
Figure 9.5: Friction coefficient with experimental runs .............................................................................. 137
Figure 9.6: Friction distribution for part #O8 .............................................................................................. 138
Figure 9.7: Friction distribution for part #O9 .............................................................................................. 138
Figure 9.8: Friction distribution for part #O12 ............................................................................................ 139
Figure 9.9: Friction distribution for part #O42 ............................................................................................ 139
Figure 9.10: Multivariate plot of model parameter with model response ................................................... 141
Figure 9.11: Main effects plot ..................................................................................................................... 142
Figure 9.12: Two factor interaction plot...................................................................................................... 145
Figure 9.13: RS for Thickness with Step Size, Tool Size, RPM, Feed, Angle, and Shape. ........................ 149
Figure 9.14: RS for Step Size with Tool Size, RPM, Feed, Angle, and Shape respectively. ...................... 150
Figure 9.15: RS for Tool Size interacting with RPM, Feed, Angle, and Shape respectively. ..................... 152
Figure 9.16: RS for RPM interacting with Feed, Angle, and Shape respectively. ...................................... 153
Figure 9.17: RS for Feed rate interacting with Angle and Shape respectively. ........................................... 154
Figure 9.18: RS for Angle interacting with Shape. ..................................................................................... 155

viii

List of Tables
Table 3.1: Speed study parameter list. ........................................................................................... 27
Table 3.2: Experimental quantities and roughness values. ........................................................... 28
Table 3.3: OP visual comparison roughness representation. ......................................................... 29
Table 3.4: Roughness values from micrograph images. ................................................................ 31
Table 3.5: Correlation between forming parameters & OP. .......................................................... 32
Table 3.6: Parameter estimates with standard errors. ................................................................... 36
Table 3.7: Lubricant influence on OP ............................................................................................ 41
Table 4.1: Speed study parameter list. ........................................................................................... 45
Table 4.2: Experimental quantities and roughness values. ............................................................ 46
Table 4.3: OP comparative roughness representation (CRR). ....................................................... 48
Table 4.4: Roughness values from micrograph images. ................................................................ 48
Table 4.5: Effective roughness and applicable valid conditions. ................................................... 50
Table 4.7: Micrographs of Barker etched samples. ....................................................................... 57
Table 5.1: Mill Specification ......................................................................................................... 59
Table 6.1: Signal and elliptical filter characteristics. ..................................................................... 82
Table 6.2: Time shift with spindle rotation .................................................................................... 85
Table 7.1: Mass increment for all calibration tests. ....................................................................... 92
Table 7.2: Load increments with corresponding average voltages. ............................................... 94
Table 7.3: Lubricants and viscosities. .......................................................................................... 104
Table 8.1: Measured quantities in comparison to the theoretically determined. ......................... 115
Table 9.1: Forming parameter perturbation levels ...................................................................... 133
Table 9.2: Experimental runs in coded form along with friction coefficients ............................. 133
Table 9.3: Correlation matrix....................................................................................................... 141

ix

Notation
Unless stated otherwise, assume notation is continued from previous section.
Chapter 2
λ - semi-cone angle
ψ - maximum forming angle
εt - thickness strain at formability limit
µ - friction coefficient
μs - static friction coefficient
μk - kinetic friction coefficient
av - mean shear stress
φ - average side slope for conical
asperities
σ - normal stress
σy - yield stress
σθ - circumferential stress
σφ - meridional stress
A - adhesive component of friction
Aa - apparent area
Ar - real area
Ca - coefficient of adhesion
F - frictional force
Fsp - separating force
Ft - tangential or sliding force
H - hardness of softer metal
K - strength index
L - normal load
n - strain hardening coefficient
P - mean contact stress
Po - mean stress due to molecular adhesion
r
- radius of hemispherical asperity
s
- bulk shear strength
t
- thickness at fracture
to - initial sheet thickness
tf - final sheet thickness
Chapters 3 and 4
F - feed rate
h - step size
k - unit conversion constant
r
- tool radius
Ra - arithmetic average roughness
Reqv - equivalent surface roughness
Rz - ten-point average roughness
S - spindle rotational speed
θ - forming angle

Chapter 6 and 7
A - signal from axial bridge
B1 - signal from bending bridge 1
B2 - signal from bending bridge 2
Fc - cut-off frequency
fs - sampling frequency
T - signal from torsion bridge
Chapter 8
A - projected area
At - project area of tangential friction
C - circumference
CI - indentation circumference
Cw - wrapping circumference
d - indentation groove width
d1 - wrapping portion of indentation span
dmax -maximum ideal contact diameter
dx - indentation diameter
Fn - normal force
Ft - tangential force
g - relative motion cycle distance
h - step size
hb - bending height
hd - deformation height
hI - indentation depth
hs - stretching height
Hs - scratch hardness
SA1 - surface area of torsional region
SA2 - surface area of tangential region
T - torsion
v - feed velocity
W - normal load
λ
- semi indentation angle
β - semi- angle of indentation groove
Chapter 9
Fb - xy-plane resultant force
FB1 - force due to bending bridge 1
FB2 - force due to bending bridge 2
Ff - friction force
Fr - radial force
FT - torsional friction force
Fz - axial force
µsl - tangential friction coefficient
µt - torsional friction coefficient
x

Chapter 1
Introduction

1.1 Background
In recent years, single point incremental forming, SPIF has shown great promise in its diversity of
possible uses ranging from the biomedical to the automotive industries.

Relative to other

conventional forming processes, it offers flexibility in forming capabilities and low operating
costs. It does not require any dedicated dies and it is ideal for rapid prototyping and low
production operations. Forming with this method involves the use of a multi-axis CNC milling
machine with a rotating hemispherical tip tool that is capable of forming aluminum, steel,
titanium, and thermoplastic sheets. Its dieless nature and simple forming rig, along with the use
of generic forming tools, makes this process inexpensive, versatile, and adaptable. Conversely,
this is a low volume production method because productivity and cycling times are directly
affected by the size of both the forming tool tip and the part being formed as well as the type of
surface finish that is desired.
Understanding the mechanisms that allow sheet metal to be formed with SPIF requires a look at
the interface between the forming tool and the sheet surface. A main property at this interface is
the frictional interaction of the two surfaces as the tool rotates and translates in three dimensions.
Friction is studied by looking at the forces on the tool (axial, bending and torsion) and inferring
frictional responses from the reactions. A secondary indirect effect is the roughness formation on
the external non-contact side of the sheet surface. Research is ongoing; however there are
1

obvious gaps in the literature. Of particular concern is the lack of information on each of the
interfacial effects mentioned above. To date, the extent to which each is mentioned or studied is
limited. Thus it is the aim of this work to rectify this problem by providing sufficient background
information, experimental studies with useful results, guidelines for forming as well as supporting
models to bridge the research gap.

1.2 Objectives
The objectives of this work are three fold. The first objective is to conduct experimentation based
on statistical experimental design to study the effects of exterior surface roughening, or orange
peel effect, in SPIF.

The tests are to include the following four common SPIF forming

parameters: step size, angle, spindle speed, and feed rate. The results obtained should be able to
predict and categorize the extent of the roughening. Categorization is to be done from qualitative
and quantitative viewpoints so that different models involving different available information can
be established. Tests are also to be conducted at very high rotational speeds and feed rates such
that the effects can be determined. If successful tests are viable at these high speeds with little to
no adverse effects then a case can be made for SPIF from an industrial forming point of view.
Parts will be formed faster to improve the attraction and applicability of this forming process.
The second main objective has to deal with friction at the tool-sheet interface in SPIF. The goal
of this study and subsequent experimentation is to develop a complete instrumentation system
capable of measuring and recording torsion and forces through deformation strains.

And

sequentially, design software modules in a way that is capable of interpreting the data and
presenting it in a usable form. Using the data, the coefficients of friction for a range of forming
2

parameters and conditions are to be established. Through statistical analysis, the effects of the
following parameters on friction will be ascertained: material thickness, formed shape, tool size,
step size, forming speeds (feed rate and rotational speed), and forming angle. Statistically
significant parameters and their interactions with each other will be discussed. It will also be
possible to define multidimensional response surfaces that will illustrate the regions where
friction is maximized and minimized. Doing so will show areas where friction should be reduced
or exacerbated depending on the desired effects necessary. The parameters that control the
frictional behavior will be made clear.
Thirdly, a new contact zone representation for SPIF is to be developed. This portion is to include
common forming parameters and geometric considerations to help understand the contacting zone
between the sheet and the tool. Minor experiments are to be undertaken to help understand
specific behaviors that will help in developing an area model. Equations governing the new
contact zone are also to be proposed that can be used in future to calculate frictional stresses in
this process.

3

Chapter 2
Literature Review

2.1 General SPIF Introduction
The emergence of a new sheet metal forming process known as Single Point Incremental Forming
(SPIF) has shown great promise in its diversity of use. Relative to other conventional forming
processes, SPIF offers more flexibility in forming capabilities and low operating costs. It does
not require any dedicated dies and it is ideal for rapid prototyping and low production operations.
Forming with this method involves the use of a multi-axis CNC milling machine with a
hemispherical end-mill tool. Unlike its close descendants, shear forming and spinning, SPIF is
able to form both axisymmetric and asymmetric shapes because of computer assisted forming.
Several advantages are easily realized with this method. Its dieless nature and simple forming rig
along with the use of generic hemispherical forming tools makes this process very versatile.
Conversely, this is a low volume production method because productivity and cycling time are
affected by the size of both the forming tool and the part being formed as well as the type of
surface finish that is desired.
A basic setup of a forming rig is shown in Figure 2.1 with all the components listed. This rig is
mounted to the worktable of the CNC milling machine and it becomes the platform for forming.
The backing plate has the general circumferential shape of the part that is to be formed and the
tooling is contained within this region. The clamping and top plates restrict flange material flow
into the forming region that is defined by the backing plate. With this clamping restriction and
4

because the tool applies very localized stresses to deform the sheet, flange material is not pulled
during forming.

Figure 2.1: SPIF forming rig [1].

2.1.1 Forming Toolpath
Before parts can be formed with SPIF, CAD models must be created and those are used to
generate forming toolpath using commercial software. The CAD package Solid Edge is used to
create solid models of parts that are then imported into the MASTERCAM® toolpath generation
software. This package usually used for material removal in milling is perfect for SPIF because
its built-in path generation algorithm can be used to guide the forming tool. Tool contours are
created and connected using a step or a ramp transition method. Figure 2.2 shows a truncated
cone that was formed using step transition.

5

Figure 2.2: Cone toolpath contours [2].
To start forming, the tool moves along a continuous single contour on the top sheet plane. After
this cycle, there is a vertical step down or transition in the z direction as the tool moves to the next
contour, which is dependent on the desired shape. This alternating action continues until the
completion of the shape. The step size is dependent on the type of internal surface roughness that
is desired. Smaller step increments will produce smaller surface roughness. Surface roughness is
affected by this process because there is a physical indentation on the sheet for each contour as
well as each step down.
Important forming parameters seen in SPIF are shown in Figure 2.3.

It shows the basic

configuration of the process and the components involved in forming. The initial and final sheet
thicknesses, both in mm, are displayed as to and tf, respectively. The semi-cone and forming
angles, in degrees, are given as λ and ψ, respectively.

6

Figure 2.3: Overview of SPIF forming with key parameters [3].

2.1.2 Important Forming Parameters
The following forming parameters are considered very important in SPIF: sheet material, forming
angle, tool size, step size, forming speeds (rotation and feed rate), sheet thickness, lubrication,
and shape. Each parameter is explained below as they pertain to general forming and their
respective influences on different observed effects.
2.1.2.1 Sheet Material
Formability differs between materials and a statistical study by Fratini et al. tried to establish the
influence of common material properties on formability [4]. From their study, they found that the
strain hardening coefficient, n, as well as the interaction between the strength and strain
hardening coefficients, K.n, had the highest influence on formability. This study showed that
strain hardening coefficient, which differs greatly between materials, had a marked influence on
formability. Generally, higher hardening coefficient will have higher formability.
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2.1.2.2 Forming Angle
The angle that the side walls of a part make with the horizontal xy-plane is the forming angle.
The extent of this angle depends mainly on material properties and thickness. Nonetheless, SPIF
parts are controlled by the maximum forming angle, ψ, to which a material can be drawn before
catastrophic failure in a single forming pass. Martins et al. attempted to predict the maximum
forming angle using material properties and forming parameters as in Equation 2.1[3].
𝜋

𝛹 = 2 − eε t

Eq. 2.1

where t is the thickness at fracture and at the limit of formability, the thickness strain is ε t. In this
form, this equation can be readily evaluated using the through-thickness fracture limit strain ε3 as
determined from a plane strain or equi-biaxial stretch test. The equation represents the onset of
fracture because it combines the ideas of both the fracture forming limit in principle strain space
and the maximum forming angle at the onset of fracture.
2.1.2.3 Tool Size
It is known that the size of the forming tool influences forming greatly. Experiments have shown
that smaller radius tools have higher formability than larger ones. Larger tools have a bigger
contact zone and tend to support the sheet better during forming. Minor formability benefits are
seen from that. Furthermore, the forming forces are increased as tool size increases due to the
growth in tool contact area. Smaller tools however, do have a highly concentrated deformation
zone experiencing high strains that are thought to improve formability. The decreased forces
observed with small tools means that lower stresses could be attained. This would make the sheet
less likely to fail in these lower stress conditions. Higher formability seen with small radius tools
is thought be a consequence of the concentration of force and strain as the surface area of contact
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is decreased at the tool tip. At this point, frictional heating is very localized and high in
magnitude. Both the high heating and strains are thought to allow material to flow easily thus
increasing formability. Decrease in tool size is limited only by the strength of the tool material
and its resistance to bending fatigue.
2.1.2.4 Step Size
The influence of this parameter on formability is still debated. Some researchers hold that step
size does not influence formability but rather it only affects surface roughness. While others
believe that it does influences formability wherein increasing step size decreases formability. In a
study by Ham et al., it was shown that step size has an insignificant influence on formability [5].
Notable effects on duration of forming as well as surface roughness for both external and internal
surfaces are known. Small step sizes require more time to form parts since increasingly more zplane motions are necessary. The roughness influence however tends to be coupled with the
immediate forming angle of the particular part that is formed and also with the size of the tool.
Internal surface roughness tends to increase with increasing step size as illustrated in tests by
Hagan et al. [6].

Discussion of external surface roughness is highlighted later on in the

qualitative and quantitative speed studies in Chapters 3 and 4.
2.1.2.5 Forming Speeds
The influence of forming speed, both rotational spindle speed (RPM) and feed rate, creates the
most controversy amongst workers in SPIF. An indisputable fact is that the spindle rotation and
the tool feed rate both influences sliding friction and frictional heating at the tool-sheet interface.
The relative motion between the tool and sheet is directly proportional to the heat that is
generated by friction. Although it is generally believed that formability increases with speed
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because of heating effects, there are several tradeoffs and negative effects that may arise as a
result. These include higher surface roughness, increased tool wear rates, and lubricant film
breakdown. Surface roughness becomes more coarse with increased speeds and surface defects
such as sheet waviness become more profound [6]. Forming at very high rotational speeds
increases the likelihood of developing tool chatter marks on the sheet [7]. It also makes it more
likely for the tool to wobble periodically, depending on the length of the tool, thus affecting
surface finish. As relative motion is increased (spindle speed >> feed rate), the tool wear rate
increases substantially. This may cause the tool to become ineffective by roughening the sheet
surface or it may just fail catastrophically.
High frictional heat may render lubricants that are used to reduce friction ineffective. If heating
is increased by increasing speeds, lubricants may be heated to their melting temperature. At this
point, they begin to break down and lose their effectiveness, which increases metallic contact and
drastically increases friction. A destructive cycle then ensues with this friction increase affecting
wear, surface roughness, and failure.
2.1.2.6 Sheet Thickness
Due to links drawn to other forming processes, SPIF is often closely compared to shear forming.
There are disputes about the primary mode of deformation for SPIF. Researchers that compare
this process to shear forming in which the primary deformation mode is shearing, use the sine law
in Equation 2.2. This equation predicts the final sheet thickness, tf, based on the initial thickness,
to, and the forming wall angle, λ, defined in Figure 2.3 [8].

t f  to sin 

Eq. 2.2
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Because formability is directly linked with sheet thickness, it is expected that thicker sheets
should have higher forming angles than thinner ones. This was confirmed by Szekeres et al. [9].
2.1.2.7 Lubrication and Shape
Lubrication in SPIF research has been limited. Discussions reach only as far as their friction
reduction tendencies and as a means to reduce tool wear and improve surface quality. It is known
that the lubricant type does not affect the forming forces. It is the presence of a lubricant that is
most important not the type.
The geometric shapes that can be formed have a large effect on the forming forces and time
depending on complexity. According to the sine law, vertical walls are not possible with this
process because it would result in a zero final sheet thickness. Several techniques have been used
to improve this limitation including localized heating using laser and multipass forming [10, 11].
Experiments by Duflou et al. demonstrated that SPIF formability could be increased with the use
of selective heating using a laser [11]. This heat allows better material flow leading to higher
formability. Residual stresses are also relieved so that higher forming accuracies can be achieved
while keeping springback effects to a minimum. Conversely, the multipass method involves
forming a part with more than one forming pass. Parts are formed from shallow to increasing
angles at each pass until the desired shape is achieved. Forming in multiple steps allows strains
within the part to be applied gradually rather than in a single increment. Experimentally, higher
accuracies and formability are seen with this method with better thickness distribution.
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2.2 Friction Introduction: Historic Models
Tribology as a science encompasses several fields all of which are deserving of further specific
focus. It is defined broadly as the study of interacting surfaces in relative motion as it pertains to
friction, wear and lubrication and the technologies associated with each of them. Extensive
studies have been conducted in various fields into understanding all aspects of tribology. The
proceeding highlights models that are useful in understanding the friction behavior in SPIF.
Specific focus is given to sliding friction at the tool-workpiece interface in this forming process.

2.2.1 Interlocking Mechanistic Model
It was Leonardo da Vinci and Guillaume Amontons who first worked with developing friction
theory for materials and mechanical systems in their respective times [12]. From da Vinci‟s
experiments, he concluded that friction: is dependent on the weight of the object however, it is
independent of its surface area [12]. These conclusions are now well known as the first two laws
of friction. Through those studies, he proposed Equation 2.3 for the coefficient of friction, µ.

FL

Eq. 2.3

where F is the frictional force and L is the normal applied load.
Amontons proposed a model for friction based on interlocking asperities [12]. Asperities are
microscopic protrusions on surfaces created mechanically and they form the topological and
roughness characteristics of a surface. In the interlocking model, asperities of contacting surfaces
would mesh and lock against each other thereby restricting motion.

This locking action,

Amontons thought, was responsible for the friction force and the surface area independence.
Euler then proposed that surfaces are composed of triangular-shaped asperities with inclination
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slope α shown in Figure 2.4. He also realized that friction in motion must be lower than friction
at rest and so made distinctions between static (μs) and kinetic (μk) friction i.e. μs > μk. Static
friction is the friction on an object at rest and kinetic is the friction of moving objects.

Figure 2.4: Euler's triangular asperities
John Leslie thought that as asperities slid over one another, the rising and falling action would be
continuous and would have no effect on the overall sliding motion. A zero net effect would then
arise because of this continuous gain and loss of energy. He proposed a time dependent nature of
friction wherein, the deformation of the asperities would be time dependent such that the
topology of the surfaces would continually change during sliding. Friction would increase with
longer sliding duration. Leslie suggested that adhesion would have a more profound effect with
increase sliding time. This adhesion idea is discussed further in a later section.
2.2.1.1 Contact Area
Before topics of adhesion are studied in depth, it is necessary to understand the contribution of
contact area to the friction problem. Surfaces in contact, tool tip and sheet, have an apparent area
(Aa) and a real area (Ar) as shown in Figure 2.5. The apparent area is dependent on the geometry
of the contacting solids (tool and sheet) however the real area is several orders of magnitudes
smaller than the apparent. It is defined by microscopic contacts or junctions formed through
asperity interaction between the surfaces. The sum of those junctions makes up the real area.
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Figure 2.5: Components of contacting area [13].
The relatively small areas of asperity junctions are the connection points between surfaces where
damage, friction, as well as load support occur. These load bearing junctions deform plastically
during forming. The topology and material properties of each surface are responsible for this
deformation mode and not the applied load. It is difficult to measure Ar however several different
measurement methods including optical interferometry, profilometry and microscopy have all
been used to reach this goal [13,14,15].

In area consideration, it is important to know

characteristics of the contacting surfaces such as: surface roughness and asperity height
distribution, surface representation, loading condition, intimacy of contact, and size and shape of
junctions.

2.2.2 Adhesion Model
Adhesion, another friction model alongside interlocking asperity model, is the bonding between
similar or dissimilar metals by either mechanical, chemical, dispersive, or electrostatic means.
Either normal or shear loading or both bring surfaces closer to each other providing the initial
step required for surfaces to adhere. The force required to separate adhering surfaces is the
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adhesion force and it is shown in Equation 2.4 as the coefficient of adhesion, Ca which is a ratio
between the separating force, Fsp, and the normal load, L [16].

Ca 

Fsp
L

Eq. 2.4

Sliding surfaces tend to be between dissimilar metals with absorbed film layers of oxides, gases,
and contaminants. Adhesion is unwanted in many metal working processes because of the
surfaces damages resulting from opposing the adhesion force [16]. However, the presence of
surface films reduces the amount of adhesion by hindering the formation of asperity junctions.
It was observed by Bowden and Rowe that the addition of shear force between contacting
surfaces increases junction area which in turn increases adhesion strength [17]. They also
observed the temperature dependence of adhesion wherein higher operating temperatures, like in
annealing, increase adhesion. This temperature effect coupled with a normal force and duration
of application affects the strength of adhesion at a given temperature within the metal‟s annealing
range. Clean surfaces adhere more at low temperatures however because of the lack of ductility
of the junctions, many metals do not adhere strongly at low temperatures [16].
The realization was made that surface roughness increased adhesive friction as asperities are
forced to climb over each other. Paradoxically, very smooth polished surfaces also have higher
friction. This is mainly due to the fact that polishing surfaces essentially reduces the size of the
asperities which creates more contact points as the surfaces move closer together and adhering
more. From this insight, it can be seen that the notion for friction to be independent of surface
roughness is not entirely true. Despite this, most engineering surfaces tend to exhibit minimum
friction that seems to be independent of roughness [13]. This is shown by the intermediate,
nearly flat, section in Figure 2.6 with two copper surfaces sliding over each other.
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Figure 2.6: Change in friction with surface roughness [13].

Also in this figure are the extreme ends of roughness effects of friction brought on by both very
smooth (left side) and very rough (right side) surfaces. The effects of roughness cannot be
ignored unless its correlation with friction is known.
G. A. Tomlinson [18] and D. V. Deryagin [19] in their respective works developed an adhesion
model by looking at the dissipation of energy at the interface of contacting surfaces in terms of
the molecular field forces. Equation 2.5 was produced for the friction coefficient [12]:



F
Ar  P  Po 

Eq. 2.5

where, F is the total frictional force, Ar is the real contact area, P is the mean contact stress
from the applied load and Po is the mean stress due to molecular adhesion.
This expression breaks the effects of friction in two. The normal stress component, attributable to
the interlocking of asperities and adhesive stress component, due to adhesion at the interface.
Practically, determining real area, Ar, and Po are no easy tasks and makes this expression
somewhat cumbersome.

16

2.2.3 Welding Friction Model: Through adhesion and deformation
Despite the growing understanding of the adhesive nature of friction, Coulomb took a different
approach and proposed Equation 2.6 for horizontal sliding, which makes friction force, F,
dependent on an adhesive component, A, as well as a deformation component, P/μ [12].

F  A P



Eq. 2.6

The adhesive component is represented by the force required to separate two contacting surfaces
introduced through the coefficient of adhesion. The deformation component is due to the applied
normal and tangential loads that cause asperities to deform as they plough through each other
during sliding. This expression incorrectly assumes that the static and kinetic friction values are
constant. From his work, Coulomb discovered that friction was independent of the sliding
velocity which is now known as the 3rd friction law.
Friction research‟s most notable figures F. P Bowden and D. Tabor were the first to try and relate
friction to known material properties [12,13,14]. Since asperities support large loads on their
small area, Bowden and Tabor drew links to conventional Brinell hardness test [14]. The mean
normal stress produced from the penetration is given in Equation 2.7 in terms of real contact area
and hardness, H, of the softer material.
P = Ar.H

Eq. 2.7

If the contacting surfaces are allowed to slide relative to each other, then the mean shear stress at
the asperity junction would be av, assumed to be equal to the bulk shear strength, s, of the softer
contacting material [13]. The total frictional force in Equation 2.8 is given below in terms of
contact area and the bulk shear stress.
F = Ar.s

Eq. 2.8
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Combining Equations 2.7 and 2.8 produces the coefficient of friction in Equation 2.9 [14]. It
does assume the area of contact is determined under normal loading only and area change due to
sliding is not included.



F
s

P H

Eq. 2.9

The contact area assumption introducing significant errors in area predictions. Errors are notable
when shear stress and a yield criterion are introduced along with normal stress. In this case,
contact area can increase several times before sliding and so friction as well as force is underpredicted by this combinatory friction coefficient.

2.2.4 Junction Growth Model
To improve on the work by Bowden et al., Gümbel and Everling tried to account for the
ploughing portion by redefining the shear stress component of friction [20]. They argued that for
asperities to move past or through each other there would be a force requirement to facilitate a
microcutting motion. This motion would be friction itself. Using this idea, they redefined the
ploughing portion in Equation 2.10 as it is influenced by the asperity profile. In the expression,
ao is the sum of the projected indented areas perpendicular to the sliding direction and φ is the
average side slope in the sliding direction for conical asperities [12].



ao 2
 tan 
a 

Eq. 2.10

Equation 2.11 shows the ploughing portion for hemispherical asperities with radius r [12].



ao 4

a 3

Eq. 2.11
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Generally φ is small, between 5o and 10o, and the profile of asperities does not have a notable
effect on friction as far as plastic deformation is concerned.
A full representation of friction, accounting for both the ploughing and shearing components is
depicted in Equation 2.12 [20].



s 2
 tan 
H 

Eq. 2.12

It is known that adhesion grows with junction area growth particularly when shear stress is
introduced.

Therefore one can expect that friction will increase in the presence of shear.

Experiments by Bowden and Rowe confirmed this and showed a positive correlation between
normal and shear stresses on adhesion [17].
Sliding at high speeds or load may affect shear strength more than it would the penetration
pressure. This results in a decrease in friction however, it is not very common in metals since s
and P do not tend to vary independently. Plasticity theory links s and P in producing plastic flow
through the introduction of a yield function. The penetration pressure is related to the yield stress
through: P ≈ 3σy. Yield stress is the stress a material must reach before it begins to experience
permanent plastic deformation. With the introduction of shear stress, the yield function follows
the form in Equation 2.13 [14].

 2   s 2   y2

Eq. 2.13

where σ is the normal stress and α, β, and γ are numerical coefficients.
The von Mises plastic yield criterion, commonly quoted for metal deformation, links the three
components in the yield function in Equation 2.14 [14].

 2  3s 2   y2

Eq. 2.14
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This equation suggests that if two surfaces in contact are loaded normally to produce plastic flow,
a very small tangential force will cause shear. Consequently, a small displacement will deform
the softer metal and produce an increase contact area. The normal stress will decrease and the
tangential force will increase as a result. Under the normal experimental testing conditions
Bowden et al. used, junctions were only formed when the normal stress approached the yield
stress of the softer material [14]. The correlation observed between shear and normal stress
allows them both to be partially responsible for the formation and destruction of asperity
junctions. This represents the basis for the now accepted model of sliding friction with the
contribution of normal and shear stresses to junction growth.

2.2.5 Quasi-friction model
A very recent friction adaptation is given in the work by Martins et al. [3]. In this work, a
specific focus is placed on explaining theories that surround the single point incremental forming
(SPIF) process. This work is novel because it represents the first real attempt to support ideas
relating to SPIF with theory while confirming them with experimental findings. It is the only
known work that proposes a friction model for this process, albeit an unusual model. According
to Martins et al., the friction in SPIF is assumed dependent on two in-plane stresses:
circumferential (σθ) and meridional (σφ) stresses. The circumferential stress is brought on by the
rotation combined with the circumferential feed of the tool. Conversely, the meridional stress is
caused by the vertical motion of the tool as it steps down from one contour to the next. Thus, the
frictional stress (σf) can be given by combining both circumferential and meridional stresses in
Equation 2.15 [3].
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 f    t    t

Eq. 2.15

where µφ and µθ are the component of friction coefficient in the meridional and circumferential
direction respectively. The through-thickness stress is σt.
The assumption made by Martins et al. implies that the frictional coefficient in SPIF can be
modeled with Equation 2.16 [3].

  2  2

Eq. 2.16

This is an unconventional way of representing friction and it was shown this way mainly for
convenience, however, it is the only attempt being made to quantify friction in SPIF. This model
is based somewhat on the junction growth model. Both the ploughing and shearing components
are provided by the circumferential stress of the tool. Specifically, the ploughing is due to the
circumferential feed of the tool and the shearing is due to the feed and the tool rotation. The
meridional stress provides a periodic shearing component that is superpositioned with the other
stresses present in forming.

2.3 SPIF Friction Considerations
Friction in SPIF is expected to come from varying sources. Since there is tool rotation as well as
translation, friction will evolve from one source to the next with a combination mode between
them. Initially, when the tool just touches the sheet and steps down, there will only be friction
due to rotation, as the tool moves along contours then sliding friction has an effect and it will be
dependent on sliding speed, forming angle, step size and other forming parameters.

The

rotational component is always present and that frictional component will be dictated by the
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torsional load on the tool. The initial indentation and subsequent step down is influenced by the
normal loading on the tool. This normal force is also present for the duration of forming although
there is some magnitude change. Sliding friction is affected by the feed velocity and resulting
bending forces as well as the extent of initial indentation. The initial indentation dictates the
amount of material that needs to be ploughed and the extent of shearing necessary. As the
forming tool moves with some force F, it must push/plough material on the leading edge of the
tool. The sliding friction component is largely dependent on this mechanism. The shearing of
intermediate metallic contact at that leading edge and base of the tool accounts for a fraction of
the total friction.
Motion of forming is stick-slip if there is no tool rotation. Because of rotation and the presence of
lubrication, the time to stick is greatly reduced essentially to zero, and therefore motion can be
described solely as slip. Kragelskii estimated the duration of contact for a junction on polished
surfaces to be on the order of 10-7 – 10-8 seconds [21]. With lubrication, this time is even smaller
and motion may be assumed smooth.
Historically, attempts to model and quantify the real area in a forming process have been made
using geometry, load and material properties as input variables [12,13,14,15]. Area measurement
in SPIF is further complicated by the tool rotation which subsequently produces more frictional
heating. This creates various interconnected mechanisms that influence both area evolution and
friction thereby making it difficult to measure them. It is expected that, regardless of surface
roughness characteristics and asperity distribution, the combined effect of the tool rotation,
sliding and normal forces, asperities will be forced to decrease in height and shape while surface
films and contaminations will be released from the surface. They are intermixed with the
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lubricant present on the surface and their effects are ignored. This expectation and subsequent
assumption will help simplify area considerations later on.
Understanding the mechanisms that allow sheet metal to be formed with SPIF requires a look at
the interface between the forming tool and the sheet surface. Studying the main property at this
interface, frictional interaction, as the tool rotates and translates in three dimensions is essential.
Friction is studied by looking at the forces on the tool (axial, bending and torsion) and inferring
frictional responses from the reactions. Historic models discussed will serve as a guide to
facilitate the development of a better understanding of friction in SPIF.
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Chapter 3
Qualitative Speed Study

3.1 Introduction
In recent years, studies into dieless formed sheet surface features, internal roughness due to direct
tool contact and external roughness from indirect contact, have been numerous. Much focus has
been given to the internal surface finish of SPIF parts particularly on how to better control the
finish by affecting forming parameters. Studies by Ham have shown that the internal roughness
is affected primarily by the tool and step sizes [1]. However, other factors such as, material
thickness and type as well as forming angle, rotational and feed speeds may have some
contribution to both the internal and external roughness. Less focus has been given to the external
surface finish particularly in understanding how forming parameters influence the roughness
through the formation of the „orange peel‟. The orange peel effect as described by Hosford and
Caddell is a surface defect that occurs in sheet metal forming when the forming tool is only in
intimate contact with one side of the sheet [2]. The non-contact side develops a roughened look
(like an orange peel, OP) because of the different orientations of neighbouring grains at the
surface. During forming, these grains tend to thin or thicken differently and result in the rough
surface. In SPIF, some forming parameters are more closely responsible for altering the exterior
surface and therefore the driving force behind this study is to identify them and the extent that the
surface is affected.
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3.2 Experimental Methods
To obtain a better understanding of surface characteristics at higher forming speeds (feed and
rotation), a speed study was performed following the Design of Experiment (DOE) methodology.
This study involved the development of a full factorial experimental design with four factors on
two levels (24) and five center point runs. The high and low perturbation values used for the
parameter are listed in Table 3.1. All other factors, sheet material and thickness, tool size,
lubrication and fixturing were held constant with the following values: Al3003-H14, 0.8128 mm,
6.35 mm, and water-oil emulsion cutting fluid, respectively. The shape used for all tests, with
varying angle, is shown in Figure 3.1 and roughness measurements were limited to the straight
section highlighted by the rectangle. The 21 total experimental runs conducted for this study
provided enough information on the main and interaction effects of the factors with each other as
they affect the response, orange peel (OP). Qualitative observations and quantitative
measurements were made to ascertain the factors effects on the outer surface roughness.
Additional tests were subsequently conducted to confirm the effect that lubrication and tool size
have on the outer surface with its dominant OP surface feature.

Figure 3.1: Experimental oval shape.
The limits for step size and rotation speed were chosen to reflect the maximum and minimum
operational values between which the highest and lowest forming benefits can be attained. These
were chosen from experimental experience. The upper limits for feed and angle were chosen to
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be within the sheet and machine performance limits. The lower limits were chosen to give a good
working range applicable to this study.
Table 3.1: Speed study parameter list.
Spindle speed
Step size Wall angle
Coding Feed (F)
(S)
(h)
(θ)
(mm/min)
(rpm)
(mm)
(deg)
-1
5080
400
0.1016
34
0
6985
1200
0.2540
48
1
8890
2000
0.4064
62
*where the wall angle is the angle the sheet makes with the vertical in the measurement area

3.3 Results and Discussion
The experimental quantities are shown in Table 3.2 along with the Speed Factor (defined as
spindle speed/feed rate, k*S/F), the Shape Factor (defined as forming angle/step size, k*sin
(θ)/h), the visual comparison roughness (VCR) and the equivalent converted numerical roughness
(NR), each empirically determined by touch and by sight. Note: k = 25.4, a constant from unit
conversion. The experimental runs shown have been randomized to remove any aliasing effect
that may arise due to the order each experiment was conducted.
After forming, the outer surface of each sample was categorized comparatively using the decision
model in Figure 3.2. The most sensitive element for the extent of orange peel formation was the
shape factor, a ratio between the forming angle and the step size. After this differentiation, parts
were progressively subdivided into their respective VCRs using the speed factor and the forming
angle. Certain materials are prone to orange peel given appropriate conditions. Those conditions
are not currently known and insight into them is only gained through experimentation. The Al3003-H14 sheets used in forming appear to be one of them however the extent to which orange
peel occurs depends on several factors detailed in the decision model.
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Table 3.2: Experimental quantities and roughness values.
Run
F
S
h
θ
k*S/F
k*Q
VCR
#
mm/min rpm mm deg rev/mm mm-1
1
6985
1200 0.254 48
4.4
74.3
M1
2
5080
400 0.406 34
2.0
35.0
MT
3
8890
2000 0.406 34
5.7
35.0
MT
4
5080
2000 0.102 62
10.0
220.7
F
5
8890
400 0.102 62
1.1
220.7
F
6
6985
1200 0.254 48
4.4
74.3
M1
7
8890
400 0.406 62
1.1
55.2 MC2
8
6985
1200 0.254 48
4.4
74.3
M2
9
5080
2000 0.406 62
10.0
55.2 MC1
10
6985
1200 0.254 48
4.4
74.3
M2
11
5080
400 0.102 34
2.0
139.8
N
12
8890
2000 0.102 34
5.7
139.8
N
13
8890
2000 0.102 62
5.7
220.7
F
14
6985
1200 0.254 48
4.4
74.3
M2
15
5080
2000 0.406 34
10.0
35.0
MT
16
5080
400 0.102 62
2.0
220.7
F
17
8890
400 0.406 34
1.1
35.0
MT
18
8890
400 0.102 34
1.1
140.0 FT
20
5080
2000 0.102 34
10.0
140.0
N
21
8890
2000 0.406 62
5.7
55.2 MC1
22
5080
400 0.406 62
2.0
55.2
C
* k = 25.4; Q = sin(θ)/h

NR
2
5.5
4
1
1.5
2
7.5
3
6.5
3
0.5
0.5
1.5
3
4
1.5
5.5
1.8
0.5
6.5
9

Table 3.3 shows the VCR and NR criteria used to comparatively distinguish the outer surface
roughness of parts exhibiting the orange peel effect. This table was also used to assign the VCR
and NR listed in Table 3.2. „None‟ indicates there was no OP apparent and „coarse‟ means there
was excessive OP. Some representation categories have high roughness refinement within them.
Parts that fell within such categories were further distinguished from each other using the speed
factor. Those with high k*S/F value were less rough and were placed closer to the lower limit
and those with low k*S/F were more rough and placed near the upper limit of the inequalities.
This gives a finer refinement in distinction.
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Figure 3.2: Decision model for Roughness categorization. * k=25.4
Table 3.3: OP visual comparison roughness representation.
Qualitative
Quantitative
None (N)
0.0 ≤ b < 1.0
Fine (F)
1.0 ≤ b < 1.5
Fine - tool dominant (FT)
1.5 ≤ b < 2.0
Medium (M1,M2,M3)
2.0 ≤ b < 4.0
Medium - tool dominant (M-TD) 4.0 ≤ b < 6.0
Medium-coarse (MC-M, MC-C) 6.0 ≤ b < 8.0
Coarse (C)
8.0 ≤ b ≤ 10
* Note: the variable b is only a place holder for these numerical ranges
Figure 3.3 contains roughness contour plots for the baseline parts used to create the roughness
representation in Table 3.3. In each image, feed direction is down and step direction is to the
right. The corresponding average roughness, Ra, ten point height average, Rz, as well as the VCR
for each part are given in Table 3.4. Each image was taken using a Wyko optical profiler
measuring over a 3.6 x 4.8 mm area while sampling at 12.95 µm intervals. The Wyko profiler
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uses white-light interferometry to generate a 3D plot of a test surface. It should be noted that the
roughness values are decreasing with each category change. Those that have a dominant tool
effect (bold Table 3.4) however were not very indicative of the orange peel roughening because
the tool marks were more profound and therefore increased the overall surface roughening. This
tool effect, evident by the preferential feed directional markings, is different from the expected
random distribution.

Figure 3.3: Roughness contour plots.
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Table 3.4: Roughness values from micrograph images.
Part # VCR Ra (µm) Rz (µm)
C
7.53
50.99
22
MC-C
5.11
39.64
7
MC-M
4.88
38.86
9
M-TD
4.13
34.97
3
M2
4.90
38.21
14
M1
4.54
34.36
1
FT
5.86
39.77
18
F
4.53
33.85
4
N
3.14
23.86
11

3.3.1 Statistical Analysis
Converting the qualitative responses into quantitative values allowed them to be used in the
statistical analysis software, JMP. The worse and best surfaces for orange peel provide a useful
range within which the model creation in this software is based.
Since the experimental design stems from a full factorial design with four factors on two levels
with five center point runs, a full factorial model was first adopted and further reduced as needed.
The reduction was based on statistical significance with a 90% confidence interval.

Some

parameters were removed and new terms added in an attempt to reanalyze and obtain higher
model accuracy. Please note that a 90% confidence interval was chosen because it allows certain
terms that were deemed important to be retained in the model as opposed to a 95% confidence.
Also because this is a qualitatively based analysis, a smaller confidence interval creates a wider
cushion to account for possible errors in qualitative differentiation.
The following is the analysis summary of the output given by the JMP software. Figure 3.4
shows the multivariate scatter plot while Table 3.5 shows the correlation matrix between factors
used in the experimentation along with their influence on the response. It is evident that all the
parameters have some linear correlation with the orange peel effect, indicated by the lines in
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Figure 3.4. Nevertheless, step size has the strongest positive linear correlation (0.89) with the
response. Compared to the response, forming angle and rotational speed have a moderately weak
positive (0.28) and negative (-0.19) correlation, respectively.

Table 3.5: Correlation between forming parameters & OP.
Feed Speed Step angle OP
0.00
0.00 0.007
Feed 1.00 0.00
0.00
1.00
0.00
0.00 -0.19
Speed
1.00
0.00 0.89
Step 0.00 0.00
0.00
1.00 0.28
angle 0.00 0.00
0.28 1.00
OP 0.007 -0.19 0.89
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Figure 3.4: Multivariate plot of parameters with model response.
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The effects plot provided a visual representation of important parameters in the consideration of
which has a significant influence on the response. In Figure 3.5, the main effect plot shows the
impact that perturbing each parameter has on the orange peel roughening. High impact moving
from low to high perturbation level means that the slope of the thick black line is greater than
zero. Low impact implies that the slope is approaching zero. The shape of the dark line indicates
the possible relationship between the forming parameter and the response stated with 95%
confidence. Straight implies a linear relationship while curved means that the relationship is not
linear in nature, it could be quadratic or otherwise. The figure shows that feed has no significant
influence on orange peel effect.

The rotational speed has a slight negative impact, when

rotational speed increases, the extent of orange peel formation drops slightly. Forming angle and
step size again are the most influential parameters on the response. They both have strong impact
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3.461012
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on the extent of roughening although step size is the more significant parameter of the pair.

0.01
Step

50
angle

Figure 3.5: Main effects plot showing forming parameters influence on OP.
Complementing the main effects plot is the interaction effects plot in Figure 3.6, which shows the
second-order interaction between the parameters and their influence on orange peel formation.
From this plot, it is clear that some interactions were more important than others. The most
statistically significant interactions were those between step size and angle and speed (step size angle, step size - speed). Perturbations within these combination effects influence greatly the
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observed extent of OP. The angle each pair of lines makes with each other and particularly if
they intersect determines the strength of interaction.
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Figure 3.6: The influence of parameter interaction on OP.
Figure 3.7 shows the actual experimental representation of orange peel in contrast with the model
prediction for the reduced model. There is significant trend being modeled with at least 95% of
the data falling within the confidence interval (dashed lines).
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Figure 3.7: Actual vs. predicted plot of orange peel.
The residual plot versus the predicted orange peel does not show any discernable systematic
trend, which indicates that, the model accounts for a significant portion of trend in the data. It
shows a good, even scatter over the prediction range, at least half the residuals are positive and
half are negative. The variance of the residuals appears to be constant over the prediction range.
These attributes indicated that the model is adequate from this qualitative point of view.
The residual versus the experimental row number on the other hand appear to have a slight trend
possibly quadratic in it (Figure 3.8). This is troublesome because it casts a shadow of doubt
about the model adequacy using this plot as a diagnostic tool. The rest of the diagnostic tools say
otherwise.
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Figure 3.8: Residual by Row Plot
The R2 term was very high at 96.2% showing that there is significant correlation between the
predicted orange peel and the experimental. Furthermore, the high adjusted R2 term at 94.9%
indicate that the model is not over saturated and that the reduction of terms is actually improving
accuracy. High F-ratio (75.7) from ANOVA indicates that a significant trend is picked up by this
final iteration of the model and points towards adequacy. The Lack of Fit test in this reduction
gives a low F ratio of 1.1 and a significance probability greater than 51% therefore this test does
not provide evidence supporting lack of fit in the model. In conclusion, the reduced form of the
model presented is deemed adequate with 95% confidence over the prediction range. It can be
used to predict the formation of orange peel with the given forming parameters. The parameter
estimates are shown in Table 3.6 and the coded model expression is given in Equation 3.1.
Table 3.6: Parameter estimates with standard errors.
Term (unitless) Estimate Std Error
Intercept
3.461
0.161
Step (J1)
2.555
0.184
Angle (J2)
0.850
0.195
Step*angle (J1*J2) 0.556
0.195
Speed (J3)
-0.519
0.182
2
X (J4 )
A
Na
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𝑂𝑃 = 3.461 + 2.555𝑱𝟏 + 0.850𝑱𝟐 + 0.556𝑱𝟏 𝑱𝟐 − 0.519𝑱𝟑 + A𝑱𝟒 𝟐

Eq. 3.1

where,
𝑱𝟏 =

 − 0.254
0.1524
𝑱𝟑 =

𝑱𝟐 =

𝜃 − 48
14

𝑆 − 1200
800

It should be noted that in Table 3.6 and Equation 3.1 there appears an „X‟ term and an „A‟ term.
These are simply place holders. Although the model appears to be adequate, the residual versus
the experimental row number plot in Figure 3.8 did show some trend. To study the effect of this
possible trend, a few quadratic terms were added in the model to estimate a quadratic coefficient.
It is possible to estimate quadratic terms from this two level factorial design because there are
center point runs present in the model and they can help to ascertain if there is indeed some
curvature in the model. It is difficult to determine which parameter truly does have a quadratic
trend even though each is included as a quadratic in the model. This is because each of the
possible quadratic terms is aliased with each other and any estimate that is made could be either
of the four. There is no way of knowing which is significant. Therefore the place holder terms
could be any of the parameters with their respective parameter estimate. The model as it stands
appears to be adequate to determine OP. Setting A=0 will allow Equation 3.1 to be used as is.
To confirm the possibility of a quadratic trend, additional runs are necessary.

A suitable

experimental program should be selected to help establish which parameter is indeed quadratic.
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3.3.2 Observations
3.3.2.1 Shallow wall angle parts (θ < 40o)
Mainly tool effects dominated the external surfaces on shallow parts with large step sizes (h >
0.254 mm). The phrase „tool effects‟ is used to describe a surface in which the most dominant
features are deep ridges created by the tool during forming; see Figure 3.3: #3,18. Since all the
parts that are formed have a changing slope over a set curve in some sections, the angle at which
the tool effect becomes dominant can be seen on parts with larger overall angle. From those, it is
possible to determine a critical forming angle (~40o) after which the tool effect is significant and
the region can be considered shallow. It is discernable where the tool path occurs mainly because
of two factors: tool size and angle change with constant step size. First, the size of the tool
affects the area of contact as well as the stress concentration at the tool-workpiece interface.
Smaller tools have a more pronounced effect creating deeper and narrower ridges compared to
large tools. Second, with the step size held constant but the forming angle decreasing, the
horizontal component of the tool motion has to increase. This creates a noticeable gap between
tool path contours. Not all areas within the forming zone are exposed to the tool thus affecting
the exterior roughness. The orange peel effect still occurred in this case, however they are
contained within each contours. Since shallow parts restrict contour interaction, when tool size is
small, the roughening due to orange peel becomes secondary to that of the tool contour ridges.
For small step sizes (h < 0.254 mm) on shallow parts, the orange peel roughening is moderately
low, within the „None‟ – „Fine with tool effects‟ categories in Table 3.3. The lowest roughening
in this case are seen on parts that had met or exceeded a speed factor greater than two. It is
believed that such small step sizes does not have as profound an impact on these shallow parts
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with respect to grain movement. As forming proceeds, the small step did not allow the grains to
pull or reorient as much as they would have with a large step. The better shallow parts, with little
to no roughening, have smaller steps and the worse, larger steps.
When forming parts with non-constant forming angles, to obtain the best outer surface requires
that a different forming scheme is used instead of constant step sizes. There are two simple
solutions to the constant step problem. Additional contours may be introduced in regions that are
considered shallow so that the contours are closer together. This will remove the ridge formation
and allow more contour interaction, which will produce a smoother surface. Alternately, a
constant scallop height could be used. The constant scallop height ensures that the distance
between contours on the sheet surface is held constant and the step size is adjusted accordingly.
A uniform surface finish would be created as a result.
3.3.2.2 Steep wall angle parts (θ > 40o)
Surfaces of parts with steep wall angles are affected by both the speed factor and the step size.
Higher speed factors, greater than the k*S/F > 2 threshold, tends to create surfaces with less
roughening than those lower. However, the step size ultimately became the deciding parameter.
As observed earlier, smaller step sizes create surfaces that are less rough than their large step
counterparts.
Speed affects the surface features in that higher feed rates encourage the orange peel effect to
initiate. The rotational speed does not seem to have any effect on the roughening.
Each of the five center point runs exhibit similar surface characteristics as expected. The OP
effect is drastic all over the outer surfaces but more so in shallow regions. This is related to the
large step size as well as forming angle hovering around the critical forming angle.
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3.3.2.3 Tool effect
The marked effect of the tool as a part transitions from steep to shallow is even more profound as
the tool size decreases. The lack of interaction between contours with decreasing tool size is the
main reason for the substantial tool effect. For the given 6.35 mm tool used for these tests, the
level of interaction between contours is held constant due to the constant tool size. However,
subsequent experiments show that the size of the tool does have a marked effect on the formation
and size of the orange peel. Larger tools (> 9.525 mm) have the tendency to reduce the orange
peel effect by at least one whole VCR level (Table 3.2). This is due to the lower stress at the
tool-sheet interface because the tool better supports the sheet since the contact zone increases.
3.3.2.4 Lubrication effect
The cutting fluid emulsion used as lubrication in these experiments is not the best choice for
creating a smooth interior surface. It gives surfaces that are less than ideal. On the exterior
however, it does have a useful impact. It allows easy automatic application, which is believed to
be better for the results obtained. The operator does not have to interact directly with the part as
it is formed; moreover the process does not stop either to clean the forming surface or to apply
fresh lubricant. This reduces the number of uncontrolled and unaccounted parameters that may
be introduced by interfering with the process. Using this poor lubricant ultimately allows the OP
effect to be readily visible for reasons detailed below.

To determine the possible effect

lubrication type has on the orange peel effect, subsequent tests are conducted. The following
lubricants in Table 3.7 are used to ascertain this effect.
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Table 3.7: Lubricant influence on OP
Lubricant Name

Suggested Use

Type

Anderol 752-2
Shell Tellus Oil 68
Nuto-54
SCO 310
Used Canola oil
Palm oil (Castrol 9104)

Bearing lubrication
Hydraulic oil
Hydraulic oil
Grinding oil
General
General

Synthetic lubricant
Mineral oil
Mineral oil
Mineral oil
Organic oil
Organic oil

Kinematic Viscosity
( mm2/s)@40oC
32 [3]
68 [4]
54 [5]
10 [6]
61 @ 25oC [7]
36 [8]

A surprising observation is that lubricants have similar effects on orange peel regardless of the
lubricant type. Each lubricant used is able to reduce the tendency of orange peel by at least two
whole VCRs. This indicates that the influence of lubrication is two-fold. If no lubrication or a
poor lubricant is used, the surface quality of both sides of the sheet will in turn be poor. The
outer surface especially will possess a coarse roughening if all other forming factors are held
constant. On the other hand, for a better overall surface finish, any lubricant with a medium
kinematic viscosity (> 10 mm2/s) such as those demonstrated can be used. The orange peel effect
is effectively removed for the same parts whose surfaces exhibit slight roughening with the
lubricant emulsion.

3.4 Conclusions
A thorough analysis, with experimentally obtained supporting data, has been made for the orange
peel effect in single point incremental forming of sheet metal. Forming at high feed rates and
rotational speeds produced various degree of orange peel roughening.
An empirical model for categorizing exterior surface roughness in the SPIF of sheet metal has
been derived. Part of the model includes defining parameters for characterization of surface
effects: the Speed Factor (defined as spindle speed/feed rate, k*S/F), and the Shape Factor
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(defined as forming angle/tool diameter, k*sin (θ)/d). These allowed quantification of the visual
comparisons of roughness and the creation of an empirical model for orange peel with respect to
established SPIF forming parameters.
Experiments showed that the size of the tool does have a marked effect on the formation and size
of the orange peel.
The tool rpm and forming angle were also found to have a slight effect on the size of the orange
peel effect. Feed rate was found to have no influence in causing the orange peel effect to occur.
The type of lubricants used in the tests had no effect on the roughening. It was only the presence
or absence of a suitable lubricant that played a notable role on the extent of roughening.
The orange peel effect is usually considered undesirable in sheet metal forming; however, it was
easily and predictably produced, with a uniform surface effect in the work reported here. Hence,
it could be used as an enhancement in single point incrementally formed products.
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Chapter 4
Quantitative Speed Study

4.1 Introduction
Since the keynote paper on single point incremental forming, SPIF, of sheet metal [1], studies
into dieless formed sheet surface features and internal roughness due to direct tool contact have
been numerous.

Much focus has been given to the internal surface finish of SPIF parts,

particularly on how to better control the finish with specific forming parameters. Studies by Ham
[2] have shown that the internal roughness is affected primarily by the tool radius, r, and step size,
h. However, other factors such as, material thickness, t, and type as well as forming angle,
rotational and feed speeds likely contribute to both the internal and external roughness.
Negligible focus has been given to the external surface finish particularly in understanding how
forming parameters influence the roughness through the formation of „orange peel‟. The orange
peel effect, as described by Hosford and Caddell [3], is a surface defect that occurs in sheet metal
forming when the forming tool is in intimate contact only with one side of the sheet. The noncontact side develops a roughened look (like an orange peel, defined as OP) because of the
different orientations of neighboring grains at the surface. During SPIF, these grains tend to thin
or thicken differently and result in a rough surface. In SPIF, some forming parameters are more
closely responsible for altering the exterior surface and this is the driving force behind this study
to determine which and to what extent do they affect the surface.
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Forming speed is often seen as a negating factor in SPIF particularly when this process is
compared to conventional sheet forming practices. The aim of this study is to show that forming
at high feed speeds (5080-8890 mm/min) is feasible when special forming guidelines are
followed. These guidelines are defined as speed and shape forming factors. The related penalty
of high speed on the surface quality and structural integrity is discussed. New information is
provided on: 1) forming at higher speeds, making the SPIF process more industrially relevant 2)
the “orange peel effect” in SPIF and 3) a model which shows the limits of forming before the OP
effect occurs.

4.2 Experimental Methods
To obtain better understanding of surface characteristics at higher forming speeds (feed and
rotation), a speed study was performed after a Design of Experiment (DOE) methodology. This
study involves the development of a full factorial experimental design with four factors on two
levels (24) and five centre point runs. The high and low perturbation values used for the
parameter are listed in Table 4.1. All other factors, sheet material and thickness, shape, tool size,
lubrication and fixturing were held constant with the following values: Al3003-H14, t = 0.8128
mm, a 50.8 mm deep oval, r = 6.35 mm, and water-oil emulsion cutting fluid. An oval shape is
used for all tests, thereby giving a variable forming angle, . Roughness measurements are
limited to the nearly straight sections at the steepest forming angle. The 21 total experimental
runs conducted for this study provide enough information on the main and interaction effects of
the factors with each other and their influence on the response, OP. Qualitative observations and
quantitative measurements were made to ascertain the factors‟ effects on the outer surface
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roughness. The limits for step size and rotation speed were chosen to reflect the maximum and
minimum operational values between which the highest and lowest forming benefits can be
attained. These were chosen from experimental experience. The upper limits for feed and angle
were chosen to be within the sheet and machine performance limits. The lower limits were
chosen to give a good working range applicable to this study.
Table 4.1: Speed study parameter list.
Coding Feed (F) Spindle speed (S) Step size (h)
(mm/min)
(rpm)
(mm)
-1
5080
400
0.1016
0
6985
1200
0.2540
1
8890
2000
0.4064

Angle (θ)
(deg)
34
48
62

4.3 Results and Discussion
The randomized experimental quantities used are shown in Table 4.2 along with the Speed Factor
(defined as spindle speed/feed rate, k*S/F), the Shape Factor (defined as forming angle/tool
diameter, k*sin (θ)/d), arithmetic average roughness, Ra, ten-point average roughness Rz and the
equivalent roughness, Reqv. Note: use k = 25.4, when working in metric units and k = 1 when
working in imperial as a unit conversion factor. The equivalent exterior surface roughness, Reqv,
in Equation 4.1 is an empirical combination of Ra and Rz (both of which were measured with the
Wyko profiler) and is a function of the shape factor that allows discrimination between surfaces.

𝐑 𝐞𝐪𝐯 =

𝐤 𝐀𝐑 𝐚 −𝐁𝐑 𝐳
𝐫
𝐬𝐢𝐧𝛉/𝐡

Eq. 4.1

with radius r = 6.35 mm, A = 0.4 and B = 0.6. Note: A and B are constants to weight Ra and Rz
respectively. The stated values provide appropriate sensitivity for Reqv which means parts can be
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distinguished from one another with a high degree of accuracy.

False positives and false

negatives identification that were likely through visual inspection in the qualitative speed study
are removed with this sensitive quantitative measure of orange peel.

Table 4.2: Experimental quantities and roughness values.
F
S
h
θ k*S/F k*Q
Ra
Rz
Reqv
Part #
mm/min rpm mm deg rev/mm mm-1 (µm) (µm) (µm)
1
6985 1200 0.01 48
4.4
74.3 4.38 33.24 0.574
2
5080 400 0.016 34
2.0
35.0 4.46 35.07 0.206
3
8890 2000 0.016 34
5.7
35.0 4.74 38.41 0.227
4
5080 2000 0.004 62 10.0 220.7 3.92 30.59 0.532
5
8890 400 0.004 62
1.1
220.7 4.99 38.01 0.885
6
6985 1200 0.01 48
4.4
74.3 6.17 46.26 0.797
7
8890 400 0.016 62
1.1
55.2 5.2 40.28 0.942
8
6985 1200 0.01 48
4.4
74.3 4.91 37.06 0.639
9
5080 2000 0.016 62 10.0
55.2 3.34 25.85 0.239
10
6985 1200 0.01 48
4.4
74.3 3.23 26.75 0.251
11
5080 400 0.004 34
2.0
139.8 5.99 45.33 0.263
12
8890 2000 0.004 34
5.7
139.8 4.89 37.65 0.653
13
8890 2000 0.004 62
5.7
220.7 4.47 35.96 0.212
14
6985 1200 0.01 48
4.4
74.3 5.23 37.35 0.338
15
5080 2000 0.016 34 10.0
35.0 2.59 20.23 0.187
16
5080 400 0.004 62
2.0
220.7 5.61 42.35 0.984
17
8890 400 0.016 34
1.1
35.0 7.66 54.28 1.241
18
8890 400 0.004 34
1.1
140.0 4.38 33.24 0.574
20
5080 2000 0.004 34 10.0 140.0 4.46 35.07 0.206
21
8890 2000 0.016 62
5.7
55.2 4.74 38.41 0.227
22
5080 400 0.016 62
2.0
55.2 3.92 30.59 0.532
*k = 25.4; Q = sin(θ)/h

Building on the results from Chapter 3, a quantitative refined model for orange peel was
necessary in using measured surface roughness quantities. Similar sensitivities are noted for the
extent of orange peel formation as a function of the shape factor, a ratio between the forming
angle and the step size (sin (θ)/h). Discrepancies between this roughness estimation and those
shown in the qualitative speed study are attributable to the ambiguity associated with making
visual comparisons, particularly when there are very subtle differences the eye cannot distinguish.
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External surface roughness is strongly dependent on the shape factor, particularly the step size
embedded within that term. A high step size results in high roughness and the reverse is true for
small step sizes as indicated by the relationship in Figure 4.1.
1.4

Reqv (µm)
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0.6
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Figure 4.1: Sensitivity of roughness to the shape factor.
Table 4.3 shows the roughness criteria used to comparatively distinguish the outer surface
roughness of parts exhibiting the orange peel effect.

The test ranges are established to

preliminarily segregate parts before their equivalent roughness is refined. In the table, „None‟
indicates there is no OP apparent and „coarse‟ means there is excessive OP. Some representation
categories have high roughness refinement within them. Parts that fall within such categories are
further distinguished from each other using the speed factor. Those with high S/F are less rough
and placed closer to the lower limit and those with low S/F are more rough and placed near the
upper limit of the inequality, e.g., Medium – M1 (less rough) and M2 (more rough).
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Table 4.3: OP comparative roughness representation (CRR).
Qualitative defining relations Test range
None (N)
0.0 ≤ b < 1.0
Fine (F)
1.0 ≤ b < 1.5
Fine - tool effects (FT)
1.5 ≤ b < 2.0
Medium (M1,M2)
2.0 ≤ b < 4.0
Medium - tool effects (MT) 4.0 ≤ b < 6.0
Medium-coarse (MC1, MC2) 6.0 ≤ b < 8.0
Coarse (C)
8.0 ≤ b ≤ 10

Figure 4.2 shows micrograph images of the parts used in the defining relations. In each image,
the feed direction is down and the step is to the right. Each image was taken using a Wyko
optical profiler measuring over a 3.6 x 4.8 mm area while sampling at 12.95 µm intervals. It
should be noted that the roughness values decrease with each category change depicted in Table
4.4. Those having a dominant tool effect, shown in bold, are not very indicative of orange peel
roughening because tool marks are more profound, and therefore increase the overall surface
roughening. This tool effect, evident by the preferential feed directional markings, is different
from the expected random distribution.

Barring tool striations, Reqv is very reliable in

distinguishing between external surface roughnesses, which are directly affected by the stated
forming parameters.
Table 4.4: Roughness values from micrograph images.
Part # CRR Ra (µm) Rz (µm) Reqv (µm)
20
N
2.59
20.23
0.187
11
F
3.34
25.85
0.239
1
M
4.38
33.24
0.574
9
MC
5.20
40.28
0.942
22
C
5.61
42.35
0.984
18
FT
5.23
42.16
0.338
3
MT
4.11
33.95
1.272
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Figure 4.2: Roughness contour plots.

Using the decision model in Chapter 3, the roughness ranges for Reqv are shown in Table 4.5
along with the conditions for which they are valid. Previously established visual distinctions are
used as a general guideline to determine the extent of each range.
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Table 4.5: Effective roughness and applicable valid conditions.
Roughness
Applicable conditions
Reqv range (µm)
None (N)
k*Q ≥ 100, θ < 40o, k*S/F ≥ 2
0.000 – 0.205
Fine (F)
k*Q ≥ 100, h < 0.254, k*S/F ≥ 2
0.206 – 0.400
k*Q ≥ 100, θ ≥ 40o, h ≥ 0.254 or
Medium (M)
0.401 – 0.712
k*Q < 100, θ ≥ 40o, h < 0.254, k*S/F > 2
Medium- coarse MC) k*Q < 100, θ ≥ 40o, h > 0.254, k*S/F > 2
0.713 – 0.983
Coarse (C)
k*Q < 100, θ ≥ 40o, k*S/F ≥ 2
0.984 – 1.500
o
Fine (tool) (FT)
k*Q ≥ 100, θ < 40 , k*S/F < 2
0.300 – 0.350
Medium (tool) (MT)
k*Q < 100, θ < 40o, h > 0.254
0.900 – 1.300

Although not shown in Table 4.5, current experiments indicate that k*S/F > 5 does not provide
any additional benefits. Increasing the S/F ratio will increase the contact heating; however, there
is no effect on orange peel beyond this point.

4.3.1 Thickness Distribution
To ascertain if the structural integrity of these parts is adversely affected by high speeds, the
thickness distribution for each test is obtained. Thickness distribution studies by Young et al. [5]
showed variations in sheet thickness as forming angle is perturbed. In this work, for single pass
SPIF at low forming speeds, 2540 mm/min or lower, thickness distributions have a characteristic
thinning zone followed by thickness stabilization thereafter. This holds true for parts that are
formed well below the material‟s maximum forming angle.
Forming at high feed speeds (5080-8890 mm/min) produced similar thickness distributions to
those of low speed forming. The characteristic initial thinning that intensifies as forming angle is
increased as well as the thickness recovery and stabilization is all evident in Figures 4.3-4.5. It
should be noted that the continual increase in thickness that is seen in these figures after the initial
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thinning is not an artifact of speed but rather of the reduction in forming angle of the parts. It is
entirely a part geometry effect.
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Figure 4.3: Thickness distribution for samples with 62o maximum wall angle.
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Figure 4.4: Thickness distribution for samples with 48o maximum wall angle.
51

1.0
0.9

Thickness (mm)

0.8
0.7
Sample 2
Sample 3
Sample 11
Sample 12
Sample 15
Sample 17
Sample 18
Sample 20
Sine Law

0.6

0.5
0.4
0.3
0.2
0.0

10.0

20.0

30.0

40.0

50.0

60.0

Distance from outside to inside (mm)
Figure 4.5: Thickness distribution for samples with 34o maximum wall angle.

To show contrast between experimental results and theoretical predictions, the commonly used
thickness model, Sine Law, is employed. This model states that the final thickness of a part after
forming is a product of the initial sheet thickness and the forming angle: 𝑡𝑓 = sin 90 − θ . The
Sine Law does match very well with the measured values as expected. For thickness distribution,
there does not appear to be any negative effect because of higher forming speeds. Therefore
forming duration can be reduced by increasing feed speeds and desired exterior surface quality
can be attained using the foregoing equivalent roughness guidelines.

4.3.2 Model Estimation
Statistical analysis is conducted on the full factorial design and the corresponding model is further
reduced based on statistical significance with a 95% confidence interval. The model is then reestimated with each reduction and the marginal changes observed within each iteration show that
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a very basic model can be adopted within a tighter confidence interval. The effects plot provided
a visual representation of important parameters in the consideration of which has a significant
influence on the response. The main effects plot in Figure 4.6 shows that feed, speed and angle
have no significant influence on the effective roughness.

Step size is the most significant

RaRz
0.636827
±0.051369

parameter on the effective roughness with the most impact as it is perturbed.
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Figure 4.6: Main effects plot for parameter influence on effective roughness.
Complementing the main effects plot is the interaction effects plot in Figure 4.7, which shows the
second order interaction between the parameters and their influence on orange peel formation.
The most statistically significant interactions are those between the following combinations: step
size - angle, step size – speed, speed – angle, feed – angle, feed – speed. Perturbations within
these combination effects influence greatly the observed effective roughness.

Figure 4.8 shows the actual experimental representation of orange peel in contrast with the model
prediction. This is the reduced model with the addition of a single quadratic term. There is
significant trend being modeled with at least 95% of the data falling within the confidence
interval (dashed lines).
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Figure 4.7: The influence of parameter interaction on OP.
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Figure 4.8: Actual vs. predicted plot of orange peel.
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1.4

Both the residual plots versus the predicted orange peel and the residual versus the experimental
row number do not show any discernable systematic trend, which indicates that, the model
accounts for a significant portion of trend in the data. They both show a good, even scatter over
the prediction range, at least half the residuals are positive and half are negative. The variance of
the residuals appeared to be constant over the prediction range. These attributes indicated that the
model is adequate from this qualitative point of view.
The R2 term is very high at 94.2%, showing that there is significant correlation between the
predicted orange peel and the experimental. Furthermore, the high adjusted R2 term at 93.6%
indicates the model is not oversaturated and that the reduction of terms is actually improving
accuracy.

The high F ratio (147.6) from Analysis of Variance, ANOVA, indicates that a

significant trend is picked up by this final iteration of the model and points towards adequacy.
The Lack of Fit test in this reduction gives a low F ratio of 0.46 and a significance probability
greater than 82% therefore this test does not provide evidence supporting lack of fit in the model.
In conclusion, the basic form of the model presented in Equation 4.2 is adequate to within 95%
confidence over the prediction range. It can be used to predict the formation of orange peel with
the given forming parameters.
𝐑 𝐞𝐪𝐯 = 𝟎. 𝟔𝟑𝟗𝟕 + 𝟎. 𝟑𝟗𝟗𝟓𝐉𝟏 − 𝟎. 𝟎𝟓𝟗𝟒𝟓𝐉𝟏 𝐉𝟐 𝐉𝟑
J1 =

Eq. 4.2

h − 0.254
S − 1200
θ − 48
; J2 =
; J3 =
0.1524
800
14

4.3.3 Microstructure
To look at changes in the microstructure of each formed part, longitudinal and transverse
sectioning are used to expose the metal substrate. The sections are etched using Barker‟s etching
55

method to reveal grain orientation and boundaries. Barker‟s etch is an electrochemical etching
method using hydroboric acid. They were observed at 100X and 200X magnifications and
compared to the undeformed sheet structure. Figure 4.9 show micrographs for the original
undeformed metal (0) and the first five formed samples (1-5). Only the longitudinal direction is
displayed because observations showed little difference between this direction and the transverse
direction. The original Al3003-H14 image displays the as-rolled sheet structure. Each formed
part keeps the same general grain orientation. The most significant difference between each
sample is the change in grain size after forming and this size is greatly influenced by the forming
step size. Images (4) and (5) show more refined grains since they are formed with a 0.1016 mm
step size. By comparison, images (2) and (3) that are formed with 0.4064 mm step size are
coarser. Image 1 shows an intermediate grain size with forming at 0.254 mm step size. Rotary
and feed speeds do seem to have secondary effects on the grain sizes. Both high spindle speed
and feed rate tend to have grain reduction capabilities although the interaction between the two
requires an in-depth look. The improvement level of mechanical properties with grain refinement
is debatable and requires further study.

4.4 Conclusion
It has been shown that SPIF can be done at high speeds, making it much more attractive to
manufacturers. Guidelines for forming at these levels are provided along with the effects on the
sheet‟s exterior surface, thickness distribution, and grain size. A viable model to predict the
orange peel effect in SPIF has been developed from two different standpoints: using measured
roughness values and using forming parameters.
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Figure 4.9: Micrographs of Barker etched samples.
Sample 0 at 100X and samples 1-5 at 200X magnification.

4.5 References
[1] Jeswiet, J., Micari, F., Hirt, G., Bramley, A., Duflou, J., Allwood, J. 2005. Asymmetric
Single Point Incremental Forming of Sheet Metal. Annals of CIRP. 54: 623 – 650.
[2] Ham, M., Powers, B., Brown, C.A., J. Jeswiet, J and Hamilton, K. 2009. Roughness
Evaluation of Single Point Incrementally Formed Surfaces. Transactions of NAMRI/SME
2009, 37:411 – 418.
[3] Hosford, W.F. and R.M. Caddell. (1983). Metal Forming, Prentice Hall.
[4] Hamilton, K. and Jeswiet, J., 2009. Visual categorization and quantification of the orange
peel effect in single point incremental forming at high forming speeds. Transactions of
NAMRI/SME 2010; in print.
[5] Young, D., Jeswiet, J., 2004, Wall thickness variations in single-point incremental forming.
J. Engineering Manufacture. 218:1453-1459.

57

Chapter 5
Friction Study Hardware and Sensor Design

5.1 Forming Rig Design
It was necessary to redesign the forming platform or rig on which experiments are conducted.
The previous version of the rig is shown in Figure 5.1. It only allowed a single sheet size to be
formed and meant that several new platforms be created if larger sheets are to be formed.

Figure 5.1: Old forming platform.
Collaborative efforts with the University of Ontario Institute of Technology, UOIT, yielded a
larger, more versatile and rigid forming platform that was fabricated using 1020 mild steel.
Figure 5.2 shows the new rig and technical drawings are depicted in Appendix C.
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Figure 5.2: Adjustable forming rig
By moving the two horizontal cross bars to different orientations, this rig is capable of forming
sheets ranging from 101.6x101.6 to 304.8x508 mm, area changing in 101.6 mm increments. The
rig is affixed to a dedicated SPIF vertical milling machine with the following specification:
Table 5.1: Mill Specification
Name
Hardinge GX-480 VMC
Travel (x/y/z) (mm)
480/400/430
Rapid rates (x/y/z) (m/min)
36
Spindle speed (RPM)
10000 @ 7.5 kW
Positioning – 0.01
Accuracies (mm)
Repeatability – 0.005

This mill provides sufficient speed, accuracy and part size for these experimental requirements.
Above all, it ensures that a dedicated machine is devoted to SPIF so that test can be conducted
whenever necessary.
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5.2 Tool Design
Experiments, particularly friction experiments, require several tool diameters be used to quantify
the effect of tool size on friction. The original tool, designed by Alex Szekeres [1], had to be
redesigned because in its original state, it only allows a 12.7 mm diameter tool to be used for
forming. The redesigned tool shaft in Figure 5.3 is capable of supporting several different
diameter tools with its replaceable forming tip and self-locating shoulder. It is made from O1
tool steel because of the material‟s ability to withstand deformation at elevated temperatures.
Furthermore, its high hardness (RHC 64) and wear resistance will allow it to maintain its forming
surface for a longer time. The replaceable forming tips are all similar to Figure 5.4 below. The
difference between the hemispherical tips lies in their diameters which are 4.7625, 6.35, and
9.525 mm. Technical drawings for the fabrication of these tools are shown in Appendix D.

Figure 5.3: Redesigned forming tool shaft

Figure 5.4: Replaceable hemispherical tool tip
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5.3 Sensor Design

5.3.1 Original Design
Figure 5.5 shows the tool configuration for the original sensor design. This tool was used to
record strains in the SPIF process that were converted to 3-axis forces, axial and two component
bending. Although it provided unique and useful results, there were many parts of it that had
significant problems. The first design used slip rings to excite the Wheatstone bridges and relay
output signals via lead wires. It was cost effective at the time of creation but created numerous
subsequent problems with noise. The physical contact of the rotor brushes in the slip ring
assembly shown in Appendix A is a dominant source of noise. Noise frequency and amplitude
were found to increase with spindle rotation speed increase. This was categorized by Szekeres in
his Master‟s thesis research [2]. For these studies, the spindle needs to rotate at speeds around
1500 RPM. This speed is approaching the rated maximum (2000 RPM) rotation for the slip rings
mechanical parts and would eventually lead to failure. The very long lead wires connecting the
slip rings to the signal conditions and subsequently the data acquisition system was another
considerable source of noise. Even though shielded cables were used and extra precautions taken
to alleviate lead wire noise, the problem still persisted. The presence of other electrical and
magnetic devices in the transducers vicinity made it impossible to fully eliminate some noise.
The signal conditioners used were Vishay model 2310 shown in Appendix A. These conditioners
worked relatively well to provide excitation as well as condition the incoming analog signals.
They are however expensive per channel for the benefits gained from using them. They also
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required physical connections via cables which are not very ideal in an environment that has a
high speed rotating tool.
The original encoder shown in Appendix A had several problems associated with it. First was its
weight and size. It added an extra 1.1 kg while taking up an additional 50 mm of shaft length.
This was a problem because with this added weight, the tool exceeded the maximum
recommended tool weight for the milling machine spindle. All these problems and time spent
trying to eliminate them yielded nothing fruitful. Several changes were made to the existing tool
in order to improve performance and signal quality.
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Figure 5.5: Original forming tool configuration [1].
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5.3.2 New Sensor Design
5.3.2.1 Node
To alleviate problems with the original slip ring design, a new wireless device was obtained from
Microstrain Inc. This 97 grams device, V-Link-2400-SK1, is a wireless voltage node that
provides a 3-VDC excitation to four Wheatstone bridges while wirelessly transmitting gauge
output from four differential channels to a USB base station (receiver). Both the V-Link and the
base station are shown in Figure 5.6. The V-Link operates on the 2.4 GHz spectrum, with 16
possible channels, using IEEE 902.15.4 open communication architecture. Transmitted data is
collected and the node is controlled remotely using Microstrain‟s Node Commander® software.

Figure 5.6: V-Link wireless voltage node with USB receiver from Microstrain Inc.
The following operations are performed at the node with instructions from the software:
automatic bridge balancing, signal amplification up to 5000X gain, low pass filtering as well high
speed data streaming to the base station, up to 1 kHz per channel. Using this node eliminated the
need for a physical wire connection and thus lead wire noise. It also meant that the bulky Vishay
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signal conditioners were no long needed and errors associated with that system were removed.
The node added flexibility of size and access to this new design making the tool more versatile in
its capabilities.
5.3.2.2 Strain gauges
Strain gauges, EA-06-031-350, from Measurements Group are used in a Wheatstone bridge in the
configuration shown in Figure 5.7. Positive and negative s represents the source and sink of the
bridge signal respectively while p is power supply. For the axial and the two bending bridges,
each bridge is mounted on the shaft so that bridge sensitivity is maximized amongst all four
gauges. A pair of the gauges in each bridge is mounted diametrically opposite to the other bridge
pair and wired accordingly. In this configuration, the temperature influence on strain is equal
between each gauge thereby negating its effect also known as temperature compensation. This
arrangement also ensures that each bridge measures the indicated intended signal and there is no
aliasing with the other signals.

Figure 5.7: Strain gauge bridge configuration
Isolating the bending signal from the torsion signal required special attention and special torsion
strain gauges. The CEA-06-062UV-350 rosette series from Measurements Group comes with
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two gauges already affixed to one mounting pad. Each gauge in the pad is orthogonal to its
complementing opposite gauge. This reduces the possible positioning error from mounting all
four bridge gauges individually. Two mounted pads, two strain gauges in each, are again
mounted diametrically opposite on the shaft. Doing this guarantees that the bridge temperature
compensated and that each pad will experience the same bending strain but in opposite sense.
Due to the equidistance location from the neutral axis, both pads will sense equal and opposite
bending strains thus effectively negating the bending effects in the torsion bridge. Each gauge
also experiences equal resistance change due to axial strain therefore each arm will change
equally resulting in zero output change in the torsion bridge. With these bridge assemblies, the
maximum bridge sensitivity is achievable which is useful to detect small signal change as it
expected from the torsion bridge.
5.3.2.3 Mount
For the node to be attached to the shaft required the fabrication of a sensor mount shown in
Figure 5.8. This mount is used to maintain shaft rotational balance and ensure the tool still
rotates with as little total run-out (TIR) as possible. The node is secured onto a sensor mount
using two screws while the mount is secured on the tool shaft using two set screws and a slit
design. The slit is pulled together using two bolts to create a very tight coupling with the shaft
from radius, r = 0.5 in to r = 2 in. This will ensure that the node is secure when rotating at high
speeds. The mount was first fabricated from solid aluminum round stock and had a final mass of
868.6 g. This caused the tool to exceed the weight restriction on the spindle head. The mount
was later redesigned to be smaller and lighter using Ultra High Molecular Weight Polyethylene
(UHMWPE) thermoplastic. Further weight reduction was attained by drilling 32 x ¼” holes into
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non-essential regions of the mount as shown in Figure 5.8. The final mass was more acceptable
at 368 g. Refer to Appendix B for mount details.

Figure 5.8: UHMWPE sensor mount.
FE analysis of mount
The sensor mount design was confirmed using FE analysis in the ABAQUS Explicit platform to
ascertain that no unnecessary stress concentrations were being created as the bolts were tightened.
For this verification, the mount was reduced to a quarter model due to Y and Z axis symmetry
essentially reducing the size of the problem and as well as computational time. For this analysis,
both the shaft and mount are deformable. Elastic modulus and Poisson‟s ratio used for the O1
tool steel shaft were 210 GPa and 0.28, respectively. The UHMWPE mount had a tensile
modulus of elasticity, tensile yield strength, and tensile ultimate strength of 1200, 25, and 44 MPa
respectively [3].
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Worst-case displacement simulation
As a worst case scenario, the displacement caused by the bolt force was maximized so that the slit
distance is zero at r = 20.8 mm. This would produce a maximum displacement of 1.27 mm (half
the slit width) on each half of the mount. In this instance, there is very high static friction
between the contacting surfaces. In the model, a penalty contact scheme was used with a high
friction coefficient of 0.2. Boundary conditions were selected to reflect the reduction of the
model due to symmetry.
The corresponding Von Mises stresses due to this displacement are given in Appendix B. The
mount experiences a maximum stress of 45.6 MPa which surpasses both the yield and tensile
ultimate strengths. Catastrophic failure is likely to occur, particularly at the stepped region near
the bolts, if the slit was ever closed with high enough bolt force. The presence of the tool shaft
makes it highly unlikely of this circumstance to ever be reached in this application. There is no
need to close the slit to its maximum to attain good coupling between the clamp and tool shaft. A
25% closure, shown below in the actual displacement simulation, is capable of providing enough
clamp force without subjecting the material to high stresses and failure.
Actual displacement simulation
In contrast with the worst case scenario, the actual displacement within the slit was modeled. The
real displacement was only 0.381 mm on each half of the mount. The front and back sides of the
mount are shown in Appendix B. The maximum stress experienced at this displacement was 15.2
MPa which is well below the yield and tensile ultimate strengths of the material. No failure will
occur at this displacement level thus confirming the soundness of the sensor mount design. This
closure will provide adequate clamping of the sensor mount to the tool shaft. Furthermore, the
two set screws in the mount will provide an added slip resistance as it is rotated at high speeds.
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5.3.3 Rotary Encoder
To determine tool angular position, a US Digital optical encoder assembly consisting of a 2”
hubdisk transmissive rotary codewheel and an EM1 transmissive optical encoder module are
used. The encoder assembly shown in Appendix B provides excellent weight and size reductions,
weighing less than 150 g. The hubdisk attaches onto the shaft via two set screws while the
stationary EM1 module is mounted onto the stationary portion of the mill‟s spindle head.
Although the module is wired, to provide excitation and output, it is markedly more flexible and
reliable than the original Hohner encoder.
In the past, because both the signal conditioners and the encoder fed into the same single-clock
DAQ, there was only one sampling rate permitted due to DAQ incompatibility with other
measurement systems. Using the same sampling rate meant that, to capture the encoder and
strain signals without aliasing and adhere to the Nyquist condition, a rate of atleast 14.4 kHz was
necessary at 1200 RPM. This rate is very unnecessary for the strain signal which required no
more than 500 Hz to properly characterize the signal. The result would be a massive amount of
data that would prove troublesome to analyze due to its size. For the new encoder assembly, the
module has a resolution up to 10000 pulses per revolution (PPR) and required a 5V excitation
while providing 3-channel outputs: A, B, and Z. The A and B channels each produce 64 cycles
per revolution at a 90o quadrature between them. The Z channel is an index that generated one
pulse cycle per revolution. With the encoder and the strain signal separated with this new
encoder design, the collected data could be reduced to 5 kHz and 500 Hz sampling rates for the
encoder and strain signal respectively.
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5.3.4 Final Assembly
The final tool assembly is shown in Figure 5.9. It shows the tool shaft, replaceable tip, sensor
mount, voltage node, strain gauges, and rotary encoder both in a full assembly and in an exploded
view.

In this final state, this tool will measure bending, axial, and torsional strains and

consequently forces. The signals are acquired and transmitted wirelessly to a laptop. Rotary
position of the tool is also transmitted and recorded. Additional lines of code are added in the Gcodes used to form each part. These lines exploit a function (DPRNT) in the CNC Mill that
allows machine XYZ position and time to be recorded at the end of tool motion. This allows the
position of the tool relative to the part to be known and used in future analysis. It was found that
with the accuracy of the position accuracy of the mill at 0.01 mm, the position dictated by the Gcode matched the output from DPRNT. Thus it was not necessary to save position data. All that
was collected for each part is the time at the end of each G-code line. A sample of this code is
shown in Appendix F.

5.4 Summary
This tool in its final form with its replaceable tip, gauge sensors and data collection system will
effectively collect force data and transmit encoder data that will help in the friction study.
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Figure 5.9: Final tool assembly
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Chapter 6
Signal Processing

6.1 Introduction
Following data collection for each part, data processing is required before the data can be used to
calculate forces and friction.

Processing involves removing noise through digital filtering,

synchronizing the different signals, as well as understanding the change in signal characteristics
due to tool deflection.

All data is collected, saved, and later processed through a close

collaboration between LabView and Matlab programming software.

Each software has its

benefits and is used specifically in areas of strength as a way to improve calculation accuracy, file
processing time, and computer resource use. LabView was efficient in its ease of use due to its
virtual programming. Several Virtual Instruments already exists that could be simply called upon
to perform a specific task. Filtering and signal attenuation was done again in LabView primarily
because existing subroutines for filter types could be directly used without the need for additional
programming. Calculations for the friction analysis were performed in Matlab to make use of its
fast processing speed and because it allowed simple codes to be written to perform repetitive
calculations with relative ease. Issues that affect the data during processing are discussed below
along with solutions and steps taken to rectify them.
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6.2 Run-out Signal Attenuation
During one of the initial attempts to complete the force measurement experiments, discrepancies
between the inputted G-codes and machine movement caused the tool head to crash against the
forming table. The impact caused the tool shaft to permanently deflect as shown in Figure 6.1.

Figure 6.1: Tool with deflection (dashed line).
This deflection has several effects but the most notable are discussed below. The most apparent
is the increased total tool run-out, TIR. The original run-out after tool fabrication measured at
0.0254 mm is inconsequential compared to the new deflected tool run-out of 0.3048 mm. It
should be noted that the 92% increase in run-out is only achievable after the tool was reverse
deflected on several attempts to correct this problem. Further reduction is possible however the
negative impact on the force characteristics seemed too high a price to pay. Another implication
of the deflection is that measured signals, particularly Bending1 and Bending2, are no longer
symmetrically periodic with equal amplitude. Figure 6.2 shows this effect as the tool move
laterally against a flat surface and held at a constant position.

Bending1 is always

underperforming Bending2 resulting in as much as a 12% decrease in peak-to-peak amplitude.
The reason for this is because the point of impact during the tool crash was directly in line with
one arm of the strain gauge bridge that measures the Bending1 signal. Without the run-out, ideal
bending signals would be sinusoids of similar amplitude that are 90o out of phase, Bending1
leading Bending2 in a clockwise rotation.
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Figure 6.2: Amplitude attenuation of B1 because of tool run-out.
Both of these implications stem from the tool run-out.

In terms of using this data, the

consequence is that the magnitude of Bending1 is effectively lowered while Bending2 appears to
be intact. The bending force and subsequently tangential and radial forces on the tool will have a
magnitude reduction up to 12%. Friction calculations using these forces will be conservative
estimates at best.

6.3 Signal Manipulation
Data collected had to be organized and manipulated for further analysis. The force data needs to
be filtered to remove or reduce noise, the encoder pulses are to be organized and interpreted so
that synchronization with the force data can be established. The DPRNT time signals are to be
matched with time in the force data to determine tool position and finally the G-code data is to be
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interpreted to determine part geometry. Of all these signals, the most troublesome is the force
data which requires filtering. The following is a discussion of the methods used to eliminate
noise and reproduce a signal with strong integrity.

6.3.1 Noise Effects
The effects of noise in the generated experimental signals are substantial. Figure 6.3 shows a
typical time-voltage curve for each signal acquired at a sampling frequency, fs, of 500 Hz. It
illustrates the benefits of applying noise filters to eliminate unwanted distortions in the data. The
relatively smooth sinusoids were observed after filtering the juxtaposed original jagged signals.

Figure 6.3: Filtering data noise at 400rpm.
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The original data for Bending1 and Bending2 are shown in top and bottom curves respectively in
Figure 6.3, with their corresponding filtered counterparts.
The time domain data in this figure is converted into the frequency domain through the use of the
Fast Fourier Transform (FFT). The Matlab FFT function was used for this conversion. The
result is a plot in Figure 6.4 showing signal and noise characteristics with changing amplitude for
each signal. In this figure, the fundamental tool rotation frequency for 800 RPM occurs at 13.33
Hz with corresponding harmonics at multiples of the fundamental frequency.

There is a

characteristic noise that occurs at 83 Hz with corresponding harmonics at multiples of this
frequency. This noise is believed to be due to electrical interference from the motors that drive
the mill and it is constant at this frequency for all tests performed. Removing this significant
source of noise will improve signal quality dramatically. Without filtering, it is evident from
observation that the noise within the torsion signal is very high with a Signal-to-Noise Ratio,
SNR, of 0.5. The other signals show better SNR ratios, between 1.8 and 5.6, over the torsion
signal. There is still room for improvement with adequate filtering.
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Figure 6.4: Unfiltered signal and noise at 800 RPM.
(Torsion-Blue, Axial-Green, Bending1-Black, Bending2-Red)

6.3.2 Filter Consideration
Four commonly used low-pass Infinite Impulse Response (IIR) filters were considered to process
the collected data: Butterworth, Chebyshev, Elliptical (Cauer) and Bessel. Each has its benefits
and reacts differently depending on the cut-off frequency and the filter order that is used. They
were tested to see which had the fastest transition edge and which would best reproduce the
original signal with little phase distortion or time shift. Filtering with IIR filters characteristically
produces phase distortions which can be interpreted as time shifts, therefore reducing any shifting
of the data is essential. It is known that Chebyshev and Elliptical filters have the fastest transition
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edge at any order and thus the other two filters were eliminated from consideration. Furthermore,
high filter orders (> 2) increase the time shift from the original signal as shown in Figure 6.5
below. Since both the Butterworth and Bessel filters require higher orders to effectively reduce
the peak error described below, this is more evidence against their use in this case.

Figure 6.5: High order (3rd) phase shift in filter response.
Further investigation of the filters at low 1st order revealed that the Chebyshev and Elliptical
filters tracked each other in amplitude as seen in Figure 6.6. The Bessel filter is not visible
because it is only active on filter orders greater than one.
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Figure 6.6: Filter response at 1st order with 25 Hz cut-off.
The 1st order Elliptical IIR filter was chosen for use because it had other benefits that the
Chebyshev does not. This filter type preserved the signal integrity first by having the sharpest
transition edge, at any order, in relation to other filters. A sharp edge ensures that the time shift
that occurs during filtering is minimized by reducing the transient transition time. Secondly, the
peak error associated with these signals is drastically reduced with this filter compared to other
commonly used filters, which again improve the output signal quality. Peak tolerable error can
be thought of as the absolute maximum value of the difference between the ideal filter frequency
response and the actual filter frequency response.
Signal attenuation is another important factor that must be addressed. Again, the Elliptical filter
performed best in that it had the least amount of attenuation. The reduction in amplitude that this
filter produced is of similar magnitude to the noise observed when the tool was rotating just in air
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prior to forming. This suggests that the filter is efficient at removing just noise. It should be
noted that more noise could be removed by increasing the filter order however the problems
discussed earlier would still apply. After filtering, the minimum observed SNR ratios was greater
than five (5) with a maximum observed at 18.

There is a constant time shift for both band-pass and low-pass configurations of the Elliptical
filter due to the constant filter order. This is ideal because it allows signals to be filtered using
different filter configurations to achieve different data responses. The low-pass version of the
Elliptical filter was used to filter the axial signals with the appropriate cut-off frequency, Fc,
outlined in Table 6.1. The low-pass setting filters noise in the signal very efficiently while
preserving the magnitude change of the signal as well as reproducing the original trends very
closely. Alternately, band-pass filtering, with lower and upper cut-off frequency set at 1 Hz and
Fc respectively, is used to process both the bending and torsion signals. Using this version
centers the signals around zero while preserving the amplitude changes. Filtering is achieved by
first finding the average amplitude of the signal over the entire time domain. That average is then
subtracted from each amplitude to effectively shift the signal to zero. Separately filtering the
signals allows them to be displayed in the best possible way.
Figure 6.7 shows a typical force curve with each signal filtered using low-pass Elliptical. Using a
low-pass filter on the axial signal while a band-pass is used for the bending and torsion signals
has the resulting effect shown in Figure 6.8. Both bending signals are centered about zero and the
attenuation in Bending1 is apparent.
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Figure 6.7: Forces with low-pass filtering.
(Green - Axial, Black - Bending1, Red - Bending2)

Figure 6.8: Forces with band-pass filtering on bending and torsion signals.
(Green - Axial, Black - Bending1, Red - Bending2)
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6.3.3 Noise Reduction
From other FFTs created and analyzed, the data in Table 6.1 was produced to show inputs to the
elliptical filter as well as inferred outputs. FFTs were created using a Hanning window with a 20point RMS linear averaging.
Table 6.1: Signal and elliptical filter characteristics.
Rotation
Fundamental frequency
Noise frequency
speed (RPM)
{first harmonic} (Hz)
{first harmonic} (Hz)
400
6.67 {13.33}
83 {166}
800
13.33 {26.67}
83 {166}
1200
20.00 {40.00}
83 {166}

Cut-off
limit (Hz)
12
25
38

Cut-off limits were set to maximize the SNR of each signal through the reduction of the 1 st
harmonic and the removal of other high frequency noise particularly the characteristic machine
noise. They also satisfied the Nyquist criterion which requires that the cut-off frequency, fc, be
less than half the sampling frequency: fc < fs/2.
Using both the unfiltered and filtered data presented in Figure 6.3 produced the FFTs in Figure
6.9 and 6.10 respectively to show the effects that filtering has on the signals.
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Figure 6.9: FFT at 400 rpm without filtering.

Figure 6.10: FFT at 400 rpm with low-pass filter.
Effects of filtering are evident with the removal of high frequency signals that are due to noise
and other interference. The integrity of the fundamental rotation frequency is preserved and
added noise is removed. After filtering, SNRs greater than five (5) are observed for each of the
signal processed. In conclusion, using appropriate filters and cut-off limits to improve the quality
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of each signal, guarantees that higher accuracy in calculations are attainable compared to using
unfiltered data.

6.4 Time Shifting
The first order Elliptical filter gives the smallest time shift possible. Having any shift is a
problem because time can be used as a synchronizer between bending signals, encoder rotary
position, and mill linear encoder position. A time shift would cause drastic change in position
and make force data unreliable with position. To see the impact of this time shift, one needs to
look at the example in Figure 6.11.

Figure 6.11: Filter time shift.
Black - unfiltered, Green - Elliptical and Chebyshev, Red - Butterworth.
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At 800 RPM for example, the period for one rotation is 0.075 s whereas the average time shift is
0.004 s. This represents a 19.2o shift in tool rotary position if the time shift is not considered. To
solve this problem, three options presented themselves. First, determine the time shift after
filtering each signal and then subtract that time from the time base so that the filtered and
unfiltered time bases are coincident. Doing this would solve this issue however since multiple
time bases had to be shifted as a result, the chances of error propagation increases with each shift,
and thus characterizing that error would be a difficult task. A shift would be necessary for the
force data as well as the rotary and linear encoder data.
The second option is to filter each signal and determine the time shift of each signal. That time
can then be used to physically rotate the tool via the encoder data thereby compensating for the
position change. Taking this approach only involves a single modification point and thus less
error will propagate. To determine the average time shift, an averaging window can be used to
determine the shift of 10 peaks within the window. The window would then be moved to nine
other locations and their average shifts determined to produce an overall average. Average time
shift for each rotation speed is shown in Table 6.2.

Table 6.2: Time shift with spindle rotation
Spindle speed (RPM)
400
800
1200
Time shift (s)
0.00584 0.00388 0.00205
The third option and the one in use is simpler compared to the others.

During sensor

construction, the Bending Bridge 1 and the encoder were physically coupled by aligning the peak
output of that bridge to correspond with the pulsing of the Z-index and Channel A of the encoder.
This ensures that position of the tool can be obtained by analyzing the signal of that sensor. The
85

error associated in alignment with the peak bridge output is estimated to be between 0.5 o and 2.8o
of the tool angular position. This is based on approximations during installation and on the
increment on the encoder which cycles every 5.625o with the rising edge of the signal at 2.8o.
Using this method is ideal because it reduces the errors propagated in time calculations. All other
times used in data analysis are based on time differences therefore the initial magnitudes of time
are not important. During signal collection, each signal started at different times however there
are common events that can be extracted within each signal. The second step down time is used
as a reference point because both the feed rate and the spindle speed had reached their required
posted values at that time. The first step down (0.1016 mm) for the first contour of each part was
formed at a reduced feed rate, below 50% of the posted value and thus could not be used.
It is presumed that the write time of each signal is constant and small so that small discrepancies
in times can be neglected. Also, at the start of spindle rotation, the spindle moves from rest to the
posted rotation speed but does so following a high slope ramp pattern. A consequence of this is
seen in the encoder signal. There is a 20o angular position where the tool ramps up and thus the
encoder pulses are not at regular intervals as they would at constant rotation speed. It is assumed
however that this irregularity is inconsequential since the spindle can accelerate from rest to 2000
RPM in a fraction of a millisecond. These problems are all negated because time differences are
used in calculations and the second step down is chosen as the reference start point.
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6.5 Forces
The following figures give a closer look at the above force and torsion data so that the effects of
filtering can be emphasized. They are also shown to illustrate and introduce more closely the
typical characteristic of forces in SPIF. Figure 6.12 shows the axial and two bending forces over
the first three contours of forming. Each discontinuation represents the step down motion while
magnitudes of all forces increase for the first several contours before stabilization in some cases.
Axial loads increase dramatically at the start of forming but tend to stabilize as forming becomes
fully developed. Bending and torsion loads will also increase but will reach nominal maximum
and minimum values that are centered about zero.

Figure 6.12: Force change over the first three contours.
In Figure 6.13, the three forces are again shown but a closer view is given around the time of
stepping down. There is a sudden drop in forces on the tool during step down shown by the
reduced magnitudes in the figure.
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Figure 6.13: Forces around contour transition at step down.
The torsion bridge, Figure 6.14, follows the same characteristic shape that the bending bridges
followed albeit with their respective magnitudes.

Figure 6.14: Torsion change over the first three contours.
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Step down motion has the same consequence on the torsion load as it does on the bending,
illustrated in Figure 6.15.

Figure 6.15: Torsion around contour transition at step down.

6.6 Summary
Following these signal processing methods and filtering techniques will allow the data to be
interpreted correctly without too many influences from noise. Each step ensures that the final
signal have the highest integrity and not biased by other underlining problems.
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Chapter 7
Friction Tool Calibration

7.1 Introduction
Before the forming tool could be used to measure forming forces, it needs to be calibrated. To do
this, it was necessary to develop a load cell with known perturbations and their resulting
responses. The cantilever beam shown in Figure 7.1 was utilized as a calibrating load cell. The
calibration procedures used for the beam are similar to those used by Szekeres in his Masters
research. This beam will allow both the bending bridges as well as the axial bridge to be
calibrated statically and dynamically.

Figure 7.1: Calibration Cantilever beam [1].
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7.2 Load Cell
The cantilever beam was instrumented with strain gauges in a half bridge configuration to
generate bending strains based on the applied load. Wiring diagram for the beam is shown in
Figure 7.2. The wired tool was connected to a signal conditioner to provide 3V excitation as well
as retrieve bridge output after a 10 Hz low-pass filter was applied at 1000X gain.

Figure 7.2: Wiring diagram for cantilever beam [1].
To calibrate this load cell, one end of the beam was securely attached, while weights were added
159.74 mm from the center of the bending strain gauges using a hook attachment. The horizontal
beam is shown in Figure 7.3.
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Figure 7.3: Cantilever beam with attached weights for calibration [1].
Two calibration tests were performed to reestablish that this beam is suitable for use as a load cell
as previously established by Szekeres.

A precision test was performed to determine the

repeatability of measurements made with the beam. A linearity test was used to determine if a
high quality identical sensitivity can be obtained throughout the measurement range.

7.2.1 Precision
Six masses, with magnitudes shown in Table 7.1, on a platform were added to the hook
attachment and removed at approximately 20 second intervals with loading twenty cycles. An
excerpt of the results from this test is shown in Figure 7.4. The average output voltage was 1.610
V with a 0.00017 variance based on a 95% confidence interval. With error much less than 1%,
the precision of this load cells is very high and deemed acceptable for these tests.

Load #
Mass (kg)

Table 7.1: Mass increment for all calibration tests.
1
2
3
4
5
5.237
4.599
4.320
4.466
4.542
Total (kg)
92

6
4.710
27.874

Voltage (V)

1.7

1.1

0.5

-0.1
-80

20

120

220

320

420

Time (s)
Figure 7.4: Excerpt of precision test results.

7.2.2 Linearity
The linearity test involved the same beam setup as the precision test. However instead of loading
the beam with the same load cyclically, the total mass of 27.874 kg was added to the beam in the
increments shown in Table 7.1. The response was observed for both the load increase and
decrease portions of the test to create the symmetric loading curve in Figure 7.5.
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Figure 7.5: Linearity test results.
A total of ten linearity tests were performed and each was characteristically similar to Figure 7.5.
They also show a very good linear response between load and voltage.

7.2.3 Sensitivity
The data collected from the linearity test is shown in a condensed form in Table 7.2 to show the
average voltages and corresponding variances at each mass increment.
Table 7.2: Load increments with corresponding average voltages.
Increment
0
1
2
3
4
5
6
0.000
46.303
92.606
138.910
185.213
231.516
277.819
Load (N)
-0.002
0.301
0.565
0.817
1.063
1.322
1.580
Mean Voltage (V)
1.320E-07 9.537E-05 2.464E-04 6.393E-04 8.578E-04 7.194E-04 1.147E-03
Variance
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Plotting this data yielded the calibration curve for this beam load cell in Figure 7.6. There is very
good linearity between load and voltage. The sensitivity of voltage with load change is given as
the slope of the line, 5.788 ± 0.025 mV/N.
1800

1600
Voltage = 5.788 (Load) + 4.298
R² = 0.999

1400

Voltage (mV)

1200
1000
800

Test Results

600

Linear (Test Results)

400
200
0

-200 0

50

100

150

200

250

300

Load (N)

Figure 7.6: Calibration curve for cantilever beam.

7.3 Strain Gauge Calibration
With the load cell calibrated, it is possible to calibrate the forming tool both statically and
dynamically. Each produces calibration curves for the axial bridge as well as the two bending
bridges on the tool.

7.3.1 Static Calibration
7.3.1.1 Axial Bridge
Calibrating the axial bridge statically involves mounting the load cell horizontally on the forming
table of the CNC milling machine and depressing the tool onto the load cell (Figure 7.7). The
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tool is depressed to various depths, 153.84 mm away from the center of the bending bridge on the
load cell. The voltage changes throughout the depressions are noted and compared to the axial
bridge whose gain was set to 1000X. Using the calibration curve for the load cell, its voltages
were used to determine the equivalent applied load. These loads were then used in conjunction
with the axial bridge voltages to create the calibration curve in Figure 7.8. The sensitivity of this
axial bridge was found to be 6.35E-02 ± 6.27E-04 mV/N. This too shows a very good linearity
between load and voltage.

Figure 7.7: Beam setup for static calibration [1].
35
30
Voltage = 0.0635(Load) + 0.142
R² = 0.9957

Voltage (mV)
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0
0
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Figure 7.8: Calibration curve for the axial bridge.
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7.3.1.2 Bending Bridges (B1 and B2)
The bending bridge calibration involved similar steps as the axial except that the load cell was
oriented vertically as shown in Figure 7.9.

Figure 7.9: Load cell orientation for bending bridge [1].
The tool was placed at the tip of the beam, 187.44 mm from the center of the half bridge. For
both bending bridges, the tool was rotated until a maximum load is observed in the bridge. This
position is them maintained while the tool was moved laterally against the load cell to create
beam flexion of varying magnitudes using manual controls on the CNC mill. Averaging the
cycles and converting the resulting voltages to load, through the beam calibration curve, produced
Figures 7.10 and 7.11. From the figures, the sensitivity of bending (B1) bridge was found to be
7.67E-02 ± 2.86E-04 mV/N while benging bridge (B2) had a sensitivity of 9.15E-02 ± 9.12E-04
mV/N, both bridges amplified to 700X gain. The bridges again showed very good linearity of
voltage to load increase.
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Figure 7.10: Bending (B1) bridge calibration curve.
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Figure 7.11: Bending (B2) bridge calibration curve.
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7.3.1.3 Torsion Calibration
To calibrate the torsion bridge, a test rig was set up to apply a known torque to the tool and
measuring the response of the bridge. A torque adapter was used for load application. This
adapter is simply a partially threaded bolt whose non-threaded section was machined to have four
flat sides (Figure 7.12).

Figure 7.12: Torque calibration adapter.
The threaded section was inserted into the forming tool which was then turned upside down so
that the tool holder is placed in a vice-like grip for stability. A modified straight handle tap
wrench (Figure 7.13) was used as a lever arm for the tool. A steel cable was attached to one of
the holes drilled at end of the wrench. The cable was then passed over a roller pulley to allow a
90o direction change so masses can be used to create tension in the horizontal portion of the cable.
The horizontal tensile load was applied 231.93 mm from the center of the adapter. Now since
there was a 90o direction change between the lever arm and the masses, a load meter (Berkley
digital fish weigh scale, Figure 7.14) was attached in-line with hooks to the horizontal portion of
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the cable. This allowed an accurate measure of this component force to be obtained directly as it
was loaded.

Figure 7.13: Free- body diagram of the torque adapter wrench from top view [2].

Figure 7.14: Berkley fish weigh scale (50lbs capacity) [3].

Two tests were performed with this bridge to determine its precision and linearity. To facilitate
these tests, masses were again used to perturb the bridge set at 600X gain.
First, a precision test was conducted by repeatedly applying an average equivalent horizontal load
of 20.757 ± 0.036 kg to the bridge and recording the response. The test was repeated three times
with each cycle at 40 second intervals to produce Figure 7.15.
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Figure 7.15: Excerpt from precision test for the torsion bridge.
From the figure, the average output voltage was 17.133 ± 0.222 mV, based on a 95% confidence
interval.
Second, the linearity test used the same load increments presented in Table 7.2. The six masses
were added and removed incrementally on 20 second intervals. Using the experimental data, the
calibration curve in Figure 7.16 was developed. It shows reasonable linearity between voltage
and load with corresponding sensitivity of 4.33E-01 ± 1.67E-02 mV/N.
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Figure 7.16: Torsion bridge calibration curve.

7.4 Lubrication Consideration
Since lubrication is considered as a non-changing forming parameter in these studies, it is
necessary to determine which lubricant is best for use. It is known that lubrication reduces
friction, dissipates heat between the sheet and forming tool surfaces, as well as improve tool life
by reducing wear tendencies. Despite its use particularly in the friction study, it is expected that a
portion of motion resistance will be present during forming and this component is the focus of
this study. Using no lubricant in a dry lubrication condition would be ideal so that the possible
aliasing effect of lubrication is ignore however, the detriment to the tool‟s contacting surface
would be too great and catastrophic damage to both the tool and the sheet are known to occur in
such a condition.

Therefore some lubrication is essential.

Friction in this study will be

determined from forces as discussed, however perturbing lubrication was expected to only affect
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the magnitude of axial load. Such that high viscosity lubricants will have a force increasing
tendency while low viscosity will have a lowering tendency from a nominal level. However, a
definitive study by Duflou et al. showed that forming force does not increase or decrease with a
change in lubrication type [4]. The only important consideration is whether lubrication is present
or not.

Therefore, not accounting for lubrication change will help reduce the number of

experimental runs necessary and in turn the complexity of the experimentation.

7.4.1 Ring Compression Test
Ring compression test theory is used to establish which lubricant to use by finding the friction
coefficients for different lubricants based on their geometry after compression. Theory by Male
and Cockcroft dictates that flat ring-shaped material will reduce in height after compression [5].
More importantly, the inner diameter of the ring will either increase if friction is low or it will
decrease if friction is high. Figure 7.17 depicts this change in geometry due to lubrication.

Figure 7.17: Lubrication effect on a compressed ring [6].
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7.4.1.1 Testing Procedure
Directed by guidelines in the ASM handbook [7], Al-3003-O rings with the 6:3:2 ratio (outside
diameter: inside diameter: height) (25.4:12.7:8.5 mm) were compressed. Using a Universal
Testing Machine, each sample was placed between two steel platens and compressed at a constant
strain rate of 5.1 mm/min. Each platen was lubricated with the appropriate lubricant and the
samples were compressed until their heights were reduced to between 20% and 30% of their
original heights. To determine the variability present during compressions and dimensional
measurements, three samples were compressed for each lubricant.

Following compression,

samples were removed from the platens, cleaned and the change in height and inner diameter of
each was measured at three arbitrary locations.
7.4.1.2 Lubricants
Lubricants used in the tests (Table 7.3) were chosen based on availability, ease of application and
their perceived benefits for use as new lubricants for SPIF.
Table 7.3: Lubricants and viscosities.
Suggested
Kinematic
Lubricant Name
Type
use
Viscosity (mm2/s)
Shell Tellus Oil 68
Hydraulic oil
Mineral oil
68 @ 40°C [8]
Nuto-54
Hydraulic oil
Mineral oil
54 @ 40°C [9]
Used Vegetable oil
NA
Organic oil
70 @ 20°C [10]
Palm oil Castrol 9104
General
Organic oil
36 [11]
Berucut SCO 310
Grinding oil
Mineral oil
10 [12]

7.4.1.3 Justification
After measurements, friction coefficients were determined using the friction calibration curves
(solid lines in Figure 7.18) developed by Male and Cockcroft [5]. Figure 7.18 shows the friction
distribution for the different lubricants. The difference between them in terms of performance is
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marginal as can be seen by the concentration about the µ = 0.15 curve. From the figure, palm oil
was chosen as the experimental lubricant because it does meet the criteria of availability, ease of
application and possible use as a new lubricant. It also lies in the middle of the data in Figure
7.18 and thus will provide a median value for friction that will ultimately be measured in the
tests. Although this is a median value for these ring compression tests, the frictional behavior for
SPIF is expected to be different. Using this median lubricant will ensure that whatever frictional
behavior is experienced neither be suppressed by the effectiveness of the lubricant nor
exacerbated by its ineffectiveness. Thus the measured friction will not be too high that it will
cause the problems highlighted earlier with high or dry lubrication. The friction will also not be
too low that measurements prove unnecessary or tedious. The palm oil lubricant is expected to
fulfill these expectations.
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Figure 7.18: Static friction calibration curves for lubricants.
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7.5 Summary
Calibrating each strain gauge bridge and creating calibration curves for them allows the
measurement tool to be reliable since its expected behavior is known and documented. The
calibration curves become very useful when the output voltage for each gauge bridge is known.
Converting that voltage information to useful data is the main goal of this exercise and the created
curves will allow reliable force data to be obtained.

7.6 Reference
[1] Szekeres, A., Three axis force measurement for computer numerical control single point
incremental forming. Master‟s thesis, Queen‟s University, Kingston, Ontario. 2003.
[2] McMaster-Carr, “Tap adapters, drivers and wrenches,” http://www.mcmaster.com/#tapwrenches/=2oer3n. Date: 02/11/09.
[3] Berkley,
“Tools/Equipment
:
Digital
Scales”
http://www.berkleyfishing.com/prod.php?k=266239&u=SCALES. Date: 02/11/09.
[4] Duflou, J., Tunckol, Y., Szekeres, A., Vanherck, P. Experimental study on force
measurements for single point incremental forming. Journal of Materials Processing
Technology. 189, 2007, 65–72.
[5] Male AT, Cockcroft MG. A method for the determination of the coefficient of friction of
metals under condition of bulk plastic deformation. J Inst Metals 93 (1965) pp. 38–46.
[6] Sofuoglu, H., Gedikli, H., Rasty, J. Determination of friction coefficient by employing the
ring compression test. ASME Trans J Eng Mater Technol 123-3 (2001), pp. 338–348.
[7] Dieter, G.E., Evaluation of Workability for Bulk Forming Processes, Metalworking: Bulk
Forming, Vol 14A, ASM Handbook, ASM International, 2005, p 587–614.
[8] Shell Tellus Oil 68 Safety Data Sheet. Shell Petrochemicals. Version No.: 1.2 12/10/2004
[9] Imperial Oil Nuto-54 Safety Data Sheet. Imperial Oil. Version: 14/04/2008
[10] Calais, P. and Clark, A.R. (2004). “Waste Vegetable Oil as a Diesel Replacement Fuel”,
Murdoch University and Western Australian Renewable Fuels Association, Murdoch
University, Western Australia.
[11] Tangsathitkulchai, C., Sittichaitaweekul, Y., and Tangsathitkulchai, M. (2004).
“Temperature Effect on the Viscosities of Palm Oil and Coconut Oil Blended with Diesel
Oil.” Journal of the American Oil Chemists' Society. Vol. 18, pp. 401-405.
[12] Bechem Lubrication Technology. (2009) “Cutting and Grinding Oils.”
106

Chapter 8
Geometric and Area Considerations

8.1 Introduction
Friction in SPIF is attributable to three components, normal indentation, ploughing (sliding) and
torsion due to rotation as shown in Figure 8.1. In basic indentation where only normal force, Fn,
is dominant, friction only acts on the projected area of the indenter perpendicular to the force.
With the addition of a tangential motion to cause sliding, both the normal and tangential
components of friction are present.

Figure 8.1: SPIF forming mechanisms.

Load support with sliding, assuming no tool rotation, would only occur in the leading edge of the
tool. In the presence of rotation, the leading edge is constantly changing; however, the contact
area, with constant feed rate, would be held at a stable value. Subsequently a torsion load is
created as a product of rotation and indentation.
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8.2 Deformation Components

8.2.1 Indentation
For a given indentation (Figure 8.2) by a tool with radius r, the semi indentation angle, λ, and the
diameter of indentation, dx, can be determined by the geometrical relations in Equations 8.1 and
8.2 respectively. These values are both directly related to the extent of the indentation, h I.
Indentation is primarily due to the step size, tool size, sheet thickness, and tool rotation and to a
lesser degree impacted by the magnitude of rotational speed. Since the sheet is clamped at its
perimeter and the active forming zone is not supported, any step down motion will produce three
deformation components: indentation, bending and stretching. The spindle head will move down
by the required step size so the sheet must accommodate that movement and reposition itself
accordingly around the tool.

Figure 8.2: Indentation geometry

cos   1 

hI
r

Eq. 8.1

d x  2r sin 
rx  r sin 

Eq. 8.2

108

Extent of indentation is related to the step size, h, through the relationships in Equations 8.3 and
8.4.

h  a  hI  d  hd

Eq. 8.3

d  hd  b  hb  c  hs

Eq. 8.4

where hd is the resulting height from secondary deformation due to bending, hb, and stretching, hs,
both of which are dependent on the position of the tool on the part.
Also, a, b, c are the partial contributions of each component in relation to the initial step size.
Their proportions are defined by the curves in Figure 8.3 below.
In Figure 8.3, a proposed possible relationship between bending height and indentation height is
shown. It illustrates a likely contribution of each component of the indicated step size. The
bending component is small near the perimeter of the part because of the interaction between the
clamping force from the backing plate and the clamps with the sheet stiffness making deflection
less likely. The thickness of the sheet will play a role on the magnitude of deflection. Towards
the center of the part however, the bending component increases.

This movement path is

analogous to a cantilever beam that is loaded sequentially from the fixed end until the free end.
However for SPIF because there is no free end, just the center of the part, the extent of movement
is expected to be reduced greatly but still following similar paths. This is because for a given
path from outside to the inside, at any point, the sheet is affected by and any motion is restricted
by material surrounding the immediate point in question. The reverse is true for the indentation
portion.

Near the perimeter, the interaction between the sheet stiffness and the perimeter

clamping force holds the sheet firmly enough for a large indentation to be made with each step
down. As one moves from the perimeter however, the interaction force decreases accordingly
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and the extent of indentation lessens. Stretching height will behave differently than the other two
deformation components. The same interaction effects seen in the bending component are seen in
this stretching component although the path differs.

h

hb
hI
hs

Position (from outside to inside of part)

Figure 8.3: Relationship between bending, indentation, and stretching heights

To obtain a solution to this proportion problem, consider a point during forming where the
contributions of both the bending and indentation components of the step size are equal. This
point is of specific interest because it helps in the approximation of bending component. It is also
likely the average configuration between bending and indentation for the majority of forming.
Several attempts to measure and determine a relationship between part position and bending
height proved unreliable and were subsequently abandoned. At this equilibrium point, Equations
8.3 and 8.4 can be simplified to Equation 8.5 because hI is assumed equal to hb (hI = hb). The
stretching component of step size can be determined if the proportions of a, b, and c are known.
h = 2(a + b) ∙ hI + c ∙ hs

Eq. 8.5
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Combining Equations 8.1 and 8.2, the relationship in Equation 8.6 can be established to estimate
the indentation size purely based on geometry.

rx  r sin(arccos (1 
rx  r 1  (1 

hI
))
r

hI 2
)
r

rx2  2hI r  hI2
With the only real solution being:

hI  2r 2  rx2

Eq. 8.6

It should be noted that the results obtained for the indentation height through geometric
theoretical basis is by no means a complete or reliable measure of the actual step size. This
expression does not take into account material properties or the applied loading to cause
indentation. It also does not include a consequence for unsupported indentation like the defined
component proportions due to step size. As such, values obtained with this expression, in this
incomplete form, will not match those collected empirically.
8.2.1.1 Tool Rotation
To ascertain the impact of rotation on the size of indentation, several tests were conducted with
and without rotation. A 6.35 mm diameter hardened tool was used to create each indentation by
perturbing both step size and spindle speed to values highlighted below. The experimental
extremes at 400 and 1200 RPM were chosen as limits because they would readily show any
change in size. No rotation provides a comparative benchmark to show the performance of each
rotation speed. Each test was made along the same path on the sheet surface to ensure that the
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interaction between bending and indentation as a function of step size and geometry would be
held constant. Figure 8.4 shows the magnified images taken of some of those indentations.

No Indentation
40X (i1-1)

40X (i10)

40X (i11)

48X (i2-1)

48X (i20)

48X(i2l)

41.5X (i3-1)

41.5X (i30)
Figure 8.4: Magnified indentations

41.5X (i31)

For each image in Figure 8.4 taken with an optical stereo microscope, the magnification is shown
along with the experiment identification (i – rotation - step size). Images with identification (i1)
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were formed with no rotation while (i2) were formed with rotation at 400 RPM and (i3) with
rotation at 1200 RPM. The images are shown with increasing step-sizes from left to right with
the following magnitudes (-1, 0, 1) (mm): 0.1016, 0.2540, and 0.4064 respectively. GIMP
imaging software was used to determine the size of each indentation which was then converted to
useful values using a calibrated measurement gage. Several size measurements were made on
each indentation to produce the averages reported in Table 8.1. The measured semi-angle (λ)
subtended by the indentation and indentation depth (hI) were determined from the measured
indentation sizes. The built-up edge shown in each image is present because no lubrication was
used during the indentation and they are not considered as part of the size of indentation. This
built-up edge consists mainly of aluminum flakes as well as oxides on the sheet surface. They are
loosely placed on the surface and are expected to have no real influence on friction as the
spinning tool interacts with them.

In Figure 8.5, the influence of tool rotation on indentation depth is shown. Only a fraction of the
actual step sizes are attained with a maximum at 35%. The baseline „no rotation‟ case shows a
very small indentation which only attain about 10 % of the requisite step size. With rotation,
however, the indentation drastically increases as shown in the figure. Increasing step size, at any
rotational speed, tends to proportionally increase the depth of the indentations. The effect of
spindle speed at any step size does not appear to be as significant as having rotation present.
Indentation attained across the spindle speeds do not change very much. Discrepancies seen in
the figure are attributable to errors in the indentation diameter measurement from the microscope
images.
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Figure 8.5: Percentage indentation achieved with each hI increment at different RPM.

For the 1.27 mm thick Al3003-H14 sheets along with a 6.35 mm forming tool used in the
indentation tests, Figure 8.6 illustrates the proposed relationship between step size and the
achieved indentation. The relationship shown is for indentations made with tool rotation since
this is the mode of operation for all forming conducted in these tests. Equation 8.7 represents the
curve fit to the data and has the following empirical form:
h1 = 0.0056e4.3346∗h

Eq. 8.7

This expression is used to determine the empirical indentation heights in Table 8.1. It should be
noted that this expression would be valid only when forming has fully developed. That is,
forming has progressed far enough from the backing plate. This tends to occur after only a few
contours (˃ 10 for small step sizes) have been formed.
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h1 = 0.0056e4.3346*h
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0.35

0.4

0.45

Figure 8.6: Relationship between step-size, h, and indentation height, h1.
For 1.27 mm thick Al3003-H15 sheets indented with a 6.35 mm hemispherical tool.
Using the relationships above, Table 8.1 was created to show the difference between measured
quantities and the theoretical relationships generated to approximate them. The differences are
relatively small for indentations with tool rotation.

There is divergence however with the

benchmark „no rotation‟ case which are bolded in the table. Values for this case are not important
because all forming was done with rotation and they are shown only for comparison sake. Test
ID i1-1 is not shown since it had no physical indentation.
Table 8.1: Measured quantities in comparison to the theoretically determined.
Specified step Empirical measured
I.D.
size, h (mm) hI (mm) hI (mm)
i2-1
8.10E-03
0.1016
8.70E-03
i3-1
9.47E-03
4.04E-03
i10
i20
0.2540
1.68E-02 1.90E-02
i30
1.27E-02
1.10E-02
i11
i21
0.4064
3.26E-02 3.49E-02
i31
3.10E-02

% diff
7.37
-8.17
315.94
-11.76
32.08
196.36
-6.67
5.20

Theoretical Measured
Theoretical
Measured
% diff
dx (mm)
dx (mm)
angle (λ, deg) angle (λ, deg)
0.642
3.58
2.897
0.665
2.999
0.695
-4.32
3.132
0.453
103.8
2.046
0.923
0.983
-6.1
4.169
4.438
0.84
9.88
3.628
0.373
244.5
1.682
1.285
1.33
-3.38
5.808
6.011
1.251
2.72
5.652
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% diff
3.52
-4.25
103.76
-6.06
14.91
245.30
-3.38
2.76

It is expected that the characteristic of this relationship will change with sheet thickness. Thicker
sheets will be stiffer and therefore will bend less which will increase the indentation. Thinner
sheets will be less stiff and the bending component will be much higher compared to the
indentation component. Using a constant thickness but perturbing tool size will have altering
consequences on Figure 8.6 as well. Larger tools have better sheet support due to the larger
contact zone, therefore the indentation pressure will be distributed better and result in a smaller
indentation size. The reverse is true for smaller tools. The small contact zone which as a result
creates higher indentation pressures will create a more profound indentation in comparison.
These distinctions are left as future work which will establish the extent of difference between
each component.

8.2.2 Ploughing
To evaluate the ploughing portion of friction, parallels were drawn both to Tabor‟s analysis as
well as indentation and scratch hardness for both metals and polymers.

In Figure 8.7, an

indentation is shown for a conical indenter on a polymer surface to illustrate the scratch
geometry.
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Figure 8.7: Scratch geometry with a conical indenter [1].
Where W is the normal load, v is the feed velocity, d is the groove width and θ is the attack angle
while α is the cone semi-angle.

For these hemispherical indenters, initial indentation load support would be on a projected
circular area. As sliding commences, only a portion of that circle would be effectively supporting
load. It is expected that for perfectly plastic material, there would only be load support at the
front half of the tool. Only half of the circular area would support assuming little elastic
recovery. For viscoelastic material, there would be some support from parts of the back half as
well. Based on this, Briscoe et al. defined a general model for viscoelastic plastic response for
scratch hardness, Hs, drawing parallels from normal indentation hardness.
Hs 

W
4W
q 2
A
d

Eq. 8.8 [1]

where A is the projected load support area, W is the applied normal load, d is the recovered width
of the tool groove and q is a material compliance term based on the materials response to
scratching. For rigid-plastic materials, q = 2, q > 1 for viscoelastic plastic material and it is a
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term governed by the plastic yield characteristics of the material. Their experimental studies
showed that the effects of lubrication on hardness is insignificant at least for indentation hardness.

Tabor introduced a geometric junction growth friction coefficient model for ploughing only in
perfectly ductile materials [2]. It was found that friction coefficient is highly dependent on the
contact geometry. Given that the normal load is supported by the perpendicular projected area
and the tangential sliding force is supported by the groove cross section, for a hemispherical tool,
the coefficient of friction was determined to be:


F 4r 2

(2  sin 2 )
W d 2

Eq. 8.9 [2]

where F is friction force due to ploughing, R is the tool radius, d is the groove width and β is the
semi-angle subtended by the groove.

It should be noted that the scratch velocities for test done by Briscoe et al. were 4 mm/s or less,
which are orders of magnitude slower than the feed rates used in these studies. It is expected that
the motion characteristics on the surface would be similar regardless of speed and the frictional
values should be identical, adhering to the 3rd law of friction.

8.2.3 Torsion Portion
Farkas et al. showed that there is a gross overestimation of frictional effects if the interaction
between sliding and torsion are not considered [3]. They show that these two mechanisms are
coupled and that coupling cannot be ignored when considering their total influence. This idea is
used in the development of the total friction present at the tool-sheet interface.
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8.3 Area Considerations

8.3.1 Tool Contact Geometry
Szekeres, in his Master‟s thesis, attempted to model the tool contact zone in Figure 8.8. He took
the average between the maximum ideal contact, Equation 8.10, and the minimum contact, zero
[4]. So the average contact would be half of dmax.

dmax  r 2(1  cos(2 ))

Eq. 8.10

This model is somewhat incomplete because it only accounts for the forming angle and the tool
size when considering the contact zone.

Figure 8.8: Simple contact zone [4].
Building on the work by Szekeres, a new contact zone model is proposed which includes more
parameters to better approximate the tool-sheet contact zone.
Before this model is introduced, it is assumed that the contact geometry is consistent for the
majority of forming. This is assumed to occur after forming is fully developed such that the
effect of the clamping mechanism does not greatly affect contact geometry. Fully developed
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forming also means that the desired forming angle has already begun to take shape. This
generally occurs after only a few contours (˃ 10) have been formed. This discussion is limited to
continuous sheet sections and does not consider corners.
8.3.1.1 Enhanced Contact Zone
Figure 8.9 shows the instantaneous contact geometry including the necessary parameters.

Figure 8.9: Tool contact geometry
For a given step size, the geometry can be divided into two parts: the extent of indentation and
wrapping. The indentation portion, given by Equation 8.11, is dependent on the extent of
indentation, hI, and it is subtended by the angle 2λ.

cos   1 

hI
r

Eq. 8.11

The diameter of the indentation again is the simple relation in Equation 8.12.

d  2r sin 

Eq. 8.12
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As forming progresses until full development, a wrapping portion is added. This portion, whose
span is d1, is a direct function of the forming angle, θ.
The circumference C, for the total contact zone can be determined through the arc lengths of both
the indentation and wrapping portions using Equation 8.13. Total contact circumference is shown
by the bold red curve in Figure 8.9.

C  ri

Eq. 8.13

where θi, in rad, is any subtending angle.
With this equation, the circumference contact zone in Figure 8.9 can be determined for both the
indentation (CI) and wrapping (CW) portions respectively as in Equation 8.14.

C  CI  Cw
C  2r  (   )r
C  r (   )

Eq. 8.14

In a derivation similar to this work, Duflou et al. included a third angle, the scallop angle, which
they describe as the half wave interaction between the current contour and the previous [5].
Contour interactions which is more likely when step size is small or tool size is large is directly
affected by the step size and forming angle. That interaction angle is not included here because
its effects are already present in the main wrapping term.
8.3.1.1.1 Contact Width
To determine contact area, one needs to know two main pieces of geometrical information. The
first is the circumference of tool contact which was found above. The second is the span of
contact or width. This span is dependent on the shape of the part being formed. If the current
side of the part is straight (pyramid for example) then the span is just a straight length calculation.
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If the side is curved (domes and cones for example) then the shape of the curvature should be
accounted for.
8.3.1.1.2 Area
Area is determined over a time step governed by the length of the line segment, g in mm, shown
in Figure 8.10. This length is the distance between successive tool rotation cycles and it is
affected by the relative motion between the tool rotation speed, S in rev/min, and the feed rate, F
in mm/min, as governed by Equation 8.15.
𝑆∙𝑔=𝐹

Eq. 8.15

Using this g quantity as a gauge, allows for a consistent area to be determined. The time it takes
the tool to travel g distance is the time step. Over this time, a single rotation of the tool would
have occurred. Figure 8.10 was created as part of a series of tests designed to observe the
movement of the tool on the sheet surface and identify any repeating features.

Figure 8.10: Relative motion feature.
Because the effective distance over this time step is relatively small, it is assumed that the
distance traversed may be approximated by a line segment regardless of the curvature of the part.
For the friction tests performed in this thesis, given the feed rates and the spindle speeds, the time
steps are orders of milliseconds or smaller.
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Three dimensional representations of Figure 8.9 are shown below in Figures 8.11 and 8.12 for the
proposed SPIF contact zone. This is shown over the duration of the time step. In the images, +X
is in radial bending direction and +Y is in the feed tangential direction. The indentation and
wrapping portions of friction discussed earlier are present in these images. The red line in the xyplane represents the boundary between these two portions. Below the red line is for pure
indentation while above is for wrapping caused by the forming angle and tool rotation. Because
the tool keeps in contact with the sheet at the leading face, the transition zone from wrapping to
pure indentation at that front face needs to be continuous. It is for this reason that the wrapping
portion has this irregular asymmetrical shape.

Figure 8.11: Tool contact area from X, Z and Y perspectives respectively.
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Figure 8.12: Orthogonal views of the contact zone.
8.3.1.1.3 Tangential Friction Area
In these figures, the teal section represents the small time step determined above. Again, the
relative velocity governs the width of this teal region. It represents the active section on which
tangential friction is expected to occur. The effective area to determine the frictional stress due to
tangential motion is the projected area of the teal region shown in Figure 8.11b.
The length of this area is L (Equation 8.16) and it is a summation between d from Equation 8.12
and the horizontal component of the wrapping portion, J.
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L= d+J
1

L = 2r sin λ + 2 r θ − λ cos θ

Eq. 8.16

Therefore the area for tangential friction is given simply by Equation 8.17.
At = L ∙ g

Eq. 8.17

8.3.1.1.4 Torsional Friction Area
The orange section in Figures 8.11 and 8.12 is the current location of the tool after the time step.
The torsional friction is contained within this section as well as the teal section. The area for
torsion can be approximated by the surface area of a quarter hemisphere plus the surface area of
the teal section.
The quarter hemisphere has a span governed by L with a depth given by the height of the teal
region in Figure 8.11a. This height, H, can be found with Equations 8.18 and 8.19.
H = hI + s
where:

Eq. 8.18

1

s = 2 r θ − λ sin θ

Eq. 8.19

For the area of the quarter hemisphere, the surface area is given below. This equation is derived
from the surface area equation for a sphere integrated over the longitude and latitude respectively.
SA1 =

π H 2
r sin θ dθdϕ
0 0

Solving the integral produces Equation 8.20 for the surface area of the orange section in Figure
8.11.
SA1 = πr 2 − cos(H + 1) ∙ (1 − A)

Eq. 8.20

In Equation 8.20, the term (1-A) is added to account for the percentage of the hemisphere that is
removed because of the transition from the wrapping section to pure indentation. The amount
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removed depends on the transition path that is taken. It is expected that A would be between 0.1
and 0.4 depending on the forming angle and the step size.

The surface area for the teal section, SA2, is given in Equation 8.21.
SA2 = θ + λ ∙ r ∙ g

Eq. 8.21

Therefore the total surface area would be the summation between SA1 and SA2 (Equation 8.22).
SA = SA1 + SA2

Eq. 8.22

8.4 Summary
Combining forming parameters and geometry created a representation of the contact zone for
SPIF. Applying the ideas highlighted here with those in Chapter 9 would be a useful next step to
determine frictional stresses occurring over the proposed area.
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Chapter 9
Friction Analysis

9.1 Introduction
The following forming parameters, introduced in Chapter 2, are important in SPIF and for friction
considerations: material type, sheet thickness, shape, lubrication, tool size, step size, feed rate,
spindle speed and forming angle. All except lubrication and material are used in these tests
because they are considered essential factors that are believed to have some impact on the
observed friction. Lubrication is not used as a changing parameter for the reason outlined in
Chapter 7. The choice of lubricant that is used is also discussed in that chapter. Material type is
also not considered, again, to reduce the complexity and number of experimental runs necessary.
Material type will affect its strength which will influence the forming forces, particularly axial
load as the stiffness of the material changes. It should be noted that the initial roughness of the
sheet are not considered here because each sample for each of the three thicknesses used were cut
from the same as-rolled large sheet. It is assumed that the roughness distribution and material
properties are consistent at each thickness. Variations in roughnesses would therefore not be
large enough to consider. Furthermore, as the tool rotates, this motion breaks down and alters the
initial surface roughness drastically; thus considering it would not provide beneficial information.
Any impact of surface roughness will be aliased with the forces and inherently considered though
not directly.

Both lubrication and thickness are not considered vital forming parameters and

therefore their removal is warranted.
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9.2 Statistical Design
Getting the maximum information possible from limited experimentation requires that an
experimental design be followed. This experimental design will allow certain benefits to be
exploited that are seen in statistical analysis. In order to determine which of the parameters most
influence friction, a factorial design first was considered. It is expected that some parameters will
have high order behaviour, such as a polynomial, and would therefore require a design capable of
showing curvature in the data i.e. a 2nd order design. However, because there are seven active
parameters to be tested, creating an experiment where each parameter is perturbed on three levels
in a 3n design requires over 2000 experimental runs. Constraints on time and resources make this
impossible to do. Researching different experimental designs and using prior knowledge of
designs led to the selection of the more comprehensive Box-Behnken design. In this design, each
parameter is varied on 3-levels (-1, 0, 1) or (low, medium, high).

Box-Behnken provides

sufficient information about the influence of the parameters on the response (friction) as well as
keeping the number of experimental runs to a manageable size [1,2]. Since the limits of the
response are not important or known, this design is perfect because it does not have any runs at
the vertices where the limits would otherwise be tested. A graphical representation for the BoxBehnken design is shown in Figure 9.1 and it illustrates the points were experimental runs are
conducted.
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Figure 9.1: Graphical representation of Box-Behnken [2].
Analyzing the data after collection would allow the response, friction coefficient, to be put into a
model like Equation 9.1 where the response is a function of a combination of the parameters, xij,
with least square linear parameter estimates, bi.

Eq. 9.1
µ = ƒ(sheet thickness, shape, tool size, step size, feed rate, spindle speed, forming angle)

9.3 Force Conversions

9.3.1 Forces
From the forming tool sensor, the two component bending forces B1 and B2 and the axial load Fz
are obtained along with torsion load T. At the tool sheet interface, over an instant of time, the
forces shown in the diagram in Figure 9.2 are present at the contacting points between the sheet
and the tool. Forces experienced by the tool are directly transferred to the sheet through the
interfacial contacting points.
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Figure 9.2: Instantaneous force diagram.
In this figure, Ft is the tangential force in the tool feed direction and Fr is the radial force which is
perpendicular to the tangential force and normal to the sheet surface. The normal force, F z, is in
the vertical down direction and FR is the root square sum resultant force of all three forces. The
torsional load present at the interface due to tool rotation is given by T. As the tool rotates, the
contribution by both B1 and B2 change depending on the angular position of the tool and thus the
sensors on it with respect to the contacting point on the sheet. The angular position comes from
the optical rotary encoder data as discussed in Chapters 5 and 6. Using the angular position data
and the two component bending forces, the tangential and radial loads at any particular point can
be determined using Equations 9.2 and 9.3 respectively.
𝐹𝑡 = 𝐹𝐵1 sin 𝜃 − 𝐹𝐵2 cos 𝜃

Eq. 9.2

𝐹𝑟 = 𝐹𝐵1 cos 𝜃 + 𝐹𝐵2 sin 𝜃

Eq. 9.3

The resultant Fb of these two forces in the xy-plane is the combination shown in Equation 9.4.
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𝐹𝑏2 = 𝐹𝑡2 + 𝐹𝑟2

Eq. 9.4

The resultant FR in Figure 9.2 can be determined through the combination in Equation 9.5.
𝐹𝑅 2 = 𝐹𝑏2 + 𝐹𝑧2

Eq. 9.5

9.3.2 Friction
Using these forces, the forces of friction at the center of the point of contact can be determined.
As discussed, friction force in SPIF is influenced by three components: normal, tangential, and
torsional forces.
9.3.2.1 Tangential friction
The tangential friction is directly related to the sliding force due to the feed velocity of the tool.
The magnitude of this force is equal to the tangential force determined with Equation 9.2 above
but the direction is opposite in nature since it is opposing motion i.e. Ff = -Ft. Assuming
Coulomb friction is present in this case, the coefficient of this sliding friction can be determined
with Equation 9.6. This equation relates the tangential force to the normal force through the
dimensionless coefficient µsl.
μsl =

Ff
Fz

Eq. 9.6

9.3.2.2 Torsional Friction
Since the tool rotates in a clockwise direction for all parts formed there is a torsional force that is
created as a result. The torque that must oppose motion is the exact opposite of the input
torsional force. It is this torque that is responsible for the friction associated with torsion and
therefore it is called the torsional friction force FT which follows that: FT = - T. The torsional
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friction is tangential to the contacting point of the tool on the sheet. To determine the friction
coefficient due to this torsional effect, Equation 9.7 is used.
FT
z ∙r t

μt = F

Eq. 9.7

where rt is the moment arm from torsion calibration.
9.3.2.3 Total Friction
Because the tangential friction and the torsional friction are in the same direction opposing
motion, their effects are compounded to produce the total friction coefficient in Equation 9.8.
μ = μsl + μt

Eq. 9.8

This coefficient represents the friction at the center of the contacting area at the tool-sheet
interface.

9.4 Results and Discussion
Forming parameters at each experimentation level are shown in Table 9.1. The limits for each
numerical parameter were chosen to reflect the maximum and minimum operational values
between which the highest and lowest forming benefits can be attained. These were chosen from
experimental experience. The upper limits for feed and angle were chosen to be within the sheet
and machine performance limits. The lower limits were chosen to give a good working range
applicable to this study. The categorical shape parameter was chosen because it was suspected
that the shape of the part would affect the characteristic frictional behavior.
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Table 9.8: Forming parameter perturbation levels
Coding Thickness Step Size Tool Size Spindle Speed Feed Rate
(mm)
(mm)
(mm)
(RPM)
(mm/min)
-1
0.762
0.1016
4.7625
400
2032
0
1.27
0.254
6.35
800
4064
1
2.032
0.4064
9.525
1200
6096
+
see Appendix E for CAD drawings of the shapes used.

Angle Shape+
(deg.)
35
Dome
50
Cone
65
Pyramid

Actual experimental configurations for all 64 runs are shown in Table 9.2 in a randomized state.
Friction coefficient for each run is also shown in the table. The variance of each mean is shown
with the percentage deviation of the variance with the mean. All mean values, excluding the two
outliers, have less than 5% variance deviation from the mean with the majority below 1%. Those
that are between 2% and 5% show friction higher than expected with the majority of them having
either the largest thickness (+1) or the smallest tool size (-1) or a combination of the two as part
of their forming parameters. The significant of this is explained below.

Table 9.2: Experimental runs in coded form along with friction coefficients
Run # Thickness Step Size Tool Size RPM Feed Angle Shape Friction Coeff Variance %
1
1
0
0
0
-1
-1
0
0.350
0.002
2
0
0
0
0
0
0
0
0.198
0.001
3
0
0
1
1
0
1
0
0.124
0.001
4
-1
-1
0
1
0
0
0
0.167
0.001
5
0
1
0
0
0
-1
-1
0.232
0.002
6
1
0
1
0
0
0
1
0.166
0.001
7
0
0
0
1
1
0
1
0.148
0.001
8
0
0
0
1
-1
0
1
0.103
0.001
9
0
-1
0
0
0
-1
1
0.190
0.002
-1
0
-1
0
0
0
-1
0.936
10
0.276
0
0
-1
1
0
-1
0
0.926
11
0.240
12
0
0
1
-1
0
-1
0
0.283
0.005
13
-1
-1
0
-1
0
0
0
0.258
0.006
14
-1
0
1
0
0
0
1
0.245
0.001
15
0
0
0
1
-1
0
-1
0.207
0.002
16
0
1
-1
0
-1
0
0
0.370
0.003
17
0
0
0
0
0
0
0
0.200
0.001
18
0
0
0
-1
-1
0
1
0.167
0.002
19
-1
0
0
0
1
1
0
0.214
0.004
20
0
0
1
1
0
-1
0
0.171
0.001
21
1
-1
0
1
0
0
0
0.167
0.001
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deviation
0.47
0.50
0.96
0.62
0.83
0.45
0.40
0.50
1.17
29.43
25.96
1.81
2.38
0.43
1.08
0.81
0.57
0.98
1.85
0.37
0.90

22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62

-1
0
0
0
-1
-1
-1
1
0
0
0
0
0
1
0
0
1
0
-1
1
1
0
0
0
-1
0
1
0
0
0
0
0
1
0
0
0
1
0
0
1
-1

0
-1
0
0
0
1
0
0
0
1
1
1
1
0
-1
0
0
-1
0
0
-1
1
0
0
0
-1
1
0
-1
-1
-1
0
0
0
0
1
1
0
0
0
1

0
-1
0
1
0
0
1
-1
0
0
0
1
-1
1
1
0
0
0
0
0
0
0
0
-1
-1
-1
0
0
0
0
1
0
0
-1
0
1
0
0
-1
-1
0

0
0
1
-1
0
1
0
0
0
0
0
0
0
0
0
-1
0
0
0
0
-1
0
0
-1
0
0
-1
-1
0
0
0
-1
0
1
0
0
1
0
-1
0
-1

1
-1
1
0
-1
0
0
0
0
0
0
1
1
0
-1
-1
1
0
-1
1
0
0
0
0
0
1
0
1
0
0
1
1
-1
0
0
-1
0
0
0
0
0

-1
0
0
1
-1
0
0
0
0
-1
1
0
0
0
0
0
-1
-1
1
1
0
1
0
1
0
0
0
0
1
1
0
0
1
1
0
0
0
0
-1
0
0

0
0
-1
0
0
0
-1
1
0
1
-1
0
0
-1
0
-1
0
-1
0
0
0
1
0
0
1
0
0
1
-1
1
0
-1
0
0
0
0
0
0
0
-1
0

0.275
0.298
0.159
0.250
0.265
0.210
0.269
0.435
0.192
0.187
0.254
0.248
0.610
0.103
0.125
0.193
0.422
0.231
0.260
0.227
0.295
0.204
0.208
0.458
0.308
0.394
0.424
0.242
0.258
0.222
0.159
0.245
0.138
0.251
0.184
0.132
0.276
0.289
0.620
0.616
0.344

0.001
0.002
0.001
0.007
0.001
0.001
0.002
0.010
0.001
0.001
0.002
0.001
0.009
0.000
0.001
0.003
0.005
0.001
0.002
0.001
0.006
0.001
0.001
0.018
0.002
0.005
0.016
0.005
0.005
0.001
0.001
0.008
0.003
0.002
0.001
0.000
0.002
0.002
0.026
0.019
0.009

0.49
0.70
0.48
2.88
0.32
0.34
0.62
2.20
0.43
0.44
0.60
0.50
1.49
0.39
0.75
1.79
1.28
0.48
0.95
0.42
2.03
0.35
0.46
3.86
0.58
1.30
3.71
1.95
1.89
0.28
0.68
3.28
2.20
0.99
0.67
0.20
0.55
0.61
4.17
3.03
2.66

9.4.1 Friction Distribution
Figure 9.2 shows the tangential and torsional components of friction along with the total friction.
Torsional friction is a significant portion, about 20%, of the total friction observed for each part.
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Figure 9.3: Total friction with tangential and torsional components.
Friction coefficient is determined throughout forming and one distribution is shown in Figure 9.4.
This distribution is for part O1 for example and the average friction coefficients quoted in Table
9.2 were calculated by finding the mean coefficient through the method described below.

Figure 9.4: Total friction distribution for part O1
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Friction increases at the start of forming to coincide with the increase in axial force that is
observed. It then holds at a relatively constant value for most of the forming duration after which
it tapers as the end is reached. The shape of this curve is greatly influenced by the force curves
particularly the axial force curves. For each distribution, the average friction coefficient was
taken between 20% and 90% of the forming cycle time. This ensures that forming is fully
developed and the edge effects of the backing plates are no longer substantial. In this range, the
distribution tends to hold a relatively constant friction coefficient for most parts and it is the
reason it was used. The original intention was to use the starting coefficient, the peaking
coefficient and the steady state fully developed friction. This was not possible because the
starting and peaking coefficients were not always discernable between parts and the method for
selection would not have been reliable. Steady state friction was consistently present for all parts
and offered a reliable measurement datum. These average friction coefficients are plotted in
Figure 9.5 for each part formed. Of note in this figure is the relative uniformity of the friction
coefficients.

Normalizing friction force with the normal force as well as removing area

constraints through the use of a dimensionless friction coefficient allows each part to be
compared to each other on the same terms. The majority of parts fall within the 0.1 and 0.3
friction coefficient window. Although this is a relatively small window, it does show a small
change between the friction coefficients determined using this force method. Vertical error bars
are present for all data point though their small size may prevent some from being visible.
Outlier parts O10 and O11 (bolded in Table 9.2) as well as potential outliers O34, O60, and O61
show friction coefficients that are greater than 0.6. They also share a common small tool size (-1)
and the significance of this is explained below.
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Figure 9.5: Friction coefficient with experimental runs
For parts O10 and O11, the friction data show numerous high peaks because of the tangential
force component of friction. This force, for small tool, is sometime very small compared to the
normal force, resulting in a high friction coefficient. The values calculated for these two parts are
not very reliable because the data from which they were calculated is not reliable. They have the
highest variances of 0.276 and 0.240 respectively, illustrating that the variation between the mean
and the average squared deviation of each number used to calculate the mean is large.
Although the distribution in Figure 9.4 is typical for most parts formed, there are other
distributions that appear depending on the force characteristics. Figures 9.6 to 9.9 show the
friction distribution for four different parts (O8, O9, O12, O42) to show the distribution types.
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Figure 9.6: Friction distribution for part #O8

Figure 9.7: Friction distribution for part #O9
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Figure 9.8: Friction distribution for part #O12

Figure 9.9: Friction distribution for part #O42
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Experimentation has shown that using small tool diameters (< 6.35 mm) with thick sheets (> 1.5
mm) creates a fold-over of sheet material as the tool pushes material downwards towards the
center of the part. Similar behavior was previously documented by Young et al. but for double
pass SPIF [6]. This folding has a significant effect on the indentation as well as on friction. The
size of indentation essentially increases with the folded material contacting the tool thereby
enhancing tool contact zone and increasing depth.

Furthermore, the contact zone increase

magnifies frictional effects. In some cases, the excess material will simply break off and contact
zone reverts back to a state before any increase. In other cases, the material does not break and
continues to build up until it envelopes half or more of the tool hemisphere. This latter case tends
to occur with steep parts whose forming angles are greater than 60o. In this state, formability
decreases and catastrophic failure either of the sheet or the tool may occur.

9.4.2 Statistical Analysis
Following data collection and manipulation, the average friction coefficients were inputted into
the JMP statistical analysis software to ascertain if a statistically adequate model could be
established from friction coefficient with the forming parameters.

Figure 9.10 shows the multivariate plot while Table 9.3 shows a similar correlation matrix for
each parameter with the friction coefficient. From the figure and table, each parameter has
marginal linear correlation with friction except for the tool size which has a comparatively strong
but statistically moderate negative correlation (-0.62). This is discernable by the data tending
towards a preferential direction along a set path.
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Figure 9.10: Multivariate plot of model parameter with model response
Table 9.3: Correlation matrix
Thickness
Thickness
Step Size
Tool Size
RPM
Feed
Angle
Shape
Friction Coeff

1
0
0
0
0
0
0
-0.021

Step
Size
0
1
0
0
0
0
0
0.114

Tool Spindle
Friction
Feed Angle Shape
Size
Speed
Coeff
0
0
0
0
0
-0.021
0
0
0
0
0
0.114
1
0
0
0
0
-0.622
0
1
0
0
0
-0.137
0
0
1
0
0
0.116
0
0
0
1
0
-0.204
0
0
0
0
1
-0.172
-0.622 -0.137 0.116 -0.204 -0.172
1
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From this diagnosis, there does not appear to be any particularly strong indication that there is
significant trend between the friction coefficient and the parameters save for tool size. Further
analysis is necessary to be certain.
9.4.2.1 Main Effects
In Figure 9.11, the main effect plot shows the impact that perturbing each parameter has on the
friction coefficient response. High impact moving from low to high perturbation level means that
the slope of the black line is greater than zero. Low impact implies that the slope is approaching
zero. For both, the confidence interval shown in blue, indicate the 95% confidence level that the
parameter is zero. The shape of the dark line indicates the possible relationship between the
parameter and factor.

Straight implies a linear relationship while curved means that the

relationship is not linear in nature, it could be quadratic or otherwise.
Friction
Coeff
0.211681
±0.079477

0.8
0.6
0.4
0.2

0
Thickness

0
Stepsize

0
Toolsize

0
RPM

0
Shape

Figure 9.11: Main effects plot
From this figure, thickness has a marginal effect on friction coefficient. This is evidenced by the
relatively flatness of the line as thickness is perturbed from a low to a high level. It does appear
to have a quadratic relationship with the coefficient indicated by the slight upward curving of the
line. This behavior is the average at each perturbation level over all the experimental runs.
Surprising, however, is the behavior of thick sheets. Because of the increased thickness and the
stiffer nature of thicker sheets, the forming forces increased for some parts; particularly the axial
load. Bending loads also increases making the tangential load higher. This will of course
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increase friction proportionately. Such a characteristic behavior is not evident from this main
effects plot because thickness needs a combination with other parameters to make the impact on
the response significant.
Step size, RPM, and shape each do not have a significant impact, at each of the three levels, on
the friction coefficient. Again the relative flatness of the lines shows this impact. Looking at the
extreme levels, low and high, there appear to be a negligible change in friction. Step size is
tending a positive but small slope while indicates that increasing step size has a friction
coefficient increasing effect. Spindle speed (RPM) has a similar but negative effect on the
response. Increasing spindle speed had a tendency to decrease friction coefficient. Finally, shape
has a friction reduction quality as the shape is changed from dome to cone to pyramid. An
implication of shape from this marginalized parameter analysis could indicate that the curved
walls of the dome and cone creates higher bending forces than the straight walled pyramid. The
forming tool must continually change direction to compensate for the changing side wall and
therefore cause an increase in bending force when shape is looked at independently of other
forming parameters. Increasing bending force means the tangential force is also increased and
this directly affects the force component of the friction coefficient.
Feed rate appear to have the least significant impact compared to the other parameters. Its slope
is the smallest showing a marginal change. Between the middle and high perturbation levels has
no impact at all on the response. At the low level however, albeit small, coefficient does decrease
very slightly. With this a tentative conclusion could be that lower forming speed has a relatively
reduced friction than higher speed.
Forming angle has a moderately significant impact on the friction coefficient. Low forming
angles have higher friction than high angles. A reason for this is because at low angles, the
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normal force is lower compared to high angles. As normal force increases, the coefficient of
friction proportionately decreases depending on the tangential force present. The change from
low to high level has a greater influence on the response than the other marginal parameters. The
shape has a slight upward curve and thus suggests a non-linear relationship with the response.
Tool size is the most important and influential parameter in this analysis. It has the steepest
change in slope as tool size is changed from a low to high level. Small tools have higher friction
associated with them than large tool as the figure shows. This high friction is expected because
small tools have high bending forces over their relatively small contacting area. Their small
geometry makes tool deflection and thus bending force high, which in turn increases the
tangential component in the friction coefficient. The shape of the tool size main effect is also
curved upwards showing that there is a non-linear relationship, possibly quadratic between this
parameter and the friction coefficient.
9.4.2.2 Interaction Effects
Complementing the main effects plot is the two factor interaction plot in Figure 9.12 below. The
interaction effect gives an average indication on how changing one factor relative to another
affects the response. In this figure, there are several attributes of note: the distance between the
two lines in each plot, the relative angle between the two lines, the shape of the curves and the
angle each line makes with the y-axis. First, the distance between the two lines is an indication of
the main effects discussed above. From looking at the plots, it is evident that tool size is again
the dominant forming parameter in its influence on the response. The shape and angle parameters
again have marginal influences. Second, the relative angle indicates the level of interaction
between the parameters and how they subsequently affect the response. Parallel lines will have
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no interaction effects on the response while contacting lines have an interaction. The level of
interaction is determined by whether the curves are either contacting slightly or entirely
intersecting.

The angle between the lines also gives an indication of the strength of the

interaction. Two lines in contact with a large angle between them will mean a strong interaction
while two lines contacting with a small angle will mean a weak interaction.

Figure 9.12: Two factor interaction plot.
Third, the shape can either be linear or curvilinear. Linear indicates a linear relationship with the
response while any curvature implies a non-linear relationship. Finally, the angle each line makes
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with the y-axis reflects the strength of its impact on the response. Low angles or horizontal lines
have no significant impact on the response. Conversely high angles show a greater impact.
The diagonal splits this plot in two. Both the top and bottom provides the same information from
different perspectives. For example, consider the two perspectives for Tool size and RPM shown
in red boxes marked „A‟ and „B‟. Looking from perspective „A‟ implies tool size is kept constant
at the low level while RPM is perturbed from low to high to create the upper line. Tool size is
then held constant at the high level while RPM is perturbed from low to high to create the lower
line. The change in slope of each line indicates the effect of changing RPM while tool size is
held constant at each respective level. From perspective „B‟ implies holding RPM at both the
high and low levels while changing tool size then observing the effects on the response.
9.4.2.3 Parameter Interaction
From the interaction plots, the following parameter pairs have significant interaction and strongly
influences the response: tool size-step size, tool size-RPM, tool size-feed, tool size-angle, tool
size-shape. Each of these is dependent on the effect of the tool size. Holding each constant at
either a low or high level while changing tool size have significant impact on the response. This
is based on the attributes described above. The distance between the two lines in each plot is
large enough to show the influence, due to main effect, of these parameters on the response. The
relative angle between the two lines in the plots is such that a strong interaction is present since
the lines are intersecting at high angles. Each interaction also follows a curved path illustrating
the possible relationship between the parameter and the response. Finally, the angle each line in
the plots makes with the y-axis is large enough that any change in tool size while keeping the
other parameters constant at high or low level will inflict a sizable change on the response. The
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influence of these interaction effects are undeniable and must be considered strongly in a friction
reduction optimizing scheme.
To a lesser degree, the following interactions have a moderate influence on the response and
should be considered nonetheless: thickness-shape, thickness-angle, and RPM-angle. The other
remaining factors show no or insignificant interaction.
9.4.2.4 Response Surfaces
Since the behavior of some parameters is not linear, using main and interaction effects is not
enough to describe how two parameters interact and influence the response. Therefore, it is
necessary to look at the surface contour plots that are generated to give a good overall picture of
parameter influence on response. For this study, the response surfaces provide very useful
information in terms of graphically selecting optimal operating conditions for SPIF. Friction is
generally unwanted in metal processing operations. Therefore it would be useful to minimize the
apparent friction that is observed during forming.
9.4.2.4.1 Thickness
In Figure 9.13, the response surfaces that depict the change in friction because of thickness and
(step size, tool size, RPM, feed angle and shape) are shown. The saddle and trough-like shape of
each of the images in Figure 9.13 is a consequence of the friction reduction tendencies of
thickness. The shape implies that the middle thickness (0) experiences a greater reduction in
friction compared to the high and low levels. This behavior is consistent in spite of the pairing
parameter in the contour plots. Of course, the shape parameter is the exception to this rule.
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Looking at the interactions, at any thickness level, friction is continually reduced with decreasing
step size while increasing tool size and RPM has the same effect on friction. The path each uses
in the reduction varies and can be seen in the images.
Feed rate decrease does decrease the friction coefficient however the path it follows is again
evident in the figure.
Increasing forming angle tends to decrease friction only at the high thickness level. At the low
thickness level, decreasing angle only decreases friction up to the middle level after which
friction begins to increase.
At low thickness, changing the shape parameter from dome to pyramid drastically decreases
friction. At high thickness, however, the reverse is true. Changing the shape parameter from a
pyramid to a dome has a moderate decreasing tendency on the friction coefficient.

9.4.2.4.1 Step Size
In Figure 9.14, the reduction in friction coefficient due to step size is evident in all of the images
shown in the figure. Reducing the step sizes result in lower friction coefficients.
Alongside tool size, the reduction of step size is still present albeit being very small and nearly
inconsequential. Changes in tool size do have profound impact on friction that far outweigh the
effects of step size.
The friction coefficient at high RPM is proportionately lower compared to low RPM.
At low step size, changes in feed rate do not affect the magnitude of friction coefficient. At high
step however there is a marked reduction with decreasing feed rate.
Angle increases at low step sizes have a slightly better friction reduction than at high step sizes.
Shape follows a reduction trend as it is perturbed from domes to pyramids.
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Figure 9.13: RS for Thickness with Step Size, Tool Size, RPM, Feed, Angle, and Shape.
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Figure 9.14: RS for Step Size with Tool Size, RPM, Feed, Angle, and Shape respectively.
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9.4.2.4.2 Tool Size

The images in Figure 9.15 show the effects that Tool Size and (RPM, Feed, Angle and Shape)
have on the response. It is clear that increasing tool size in all of the images tend to reduce
friction greatly. The shape that the RS for each pair of parameters follows in their reduction
varies as shown in the figure. Tool size friction reduction underlines each of the images;
however, superimposed in each are the effects of the other parameter in the pair. High RPM tend
to reduce friction more efficiently than the opposing low RPM.
Friction reduction as feed is reduced becomes far overshadowed by the drastic reduction that is
observed as tool size is increased.
For small tools and at low angles, friction is high but there is a significant drop as angle increases.
If the tool size is increased, then the friction reduction is lost to the point where friction begins to
increase as the angle is increased.
The shape parameter follows similar trends as the angle parameter. For small tools and at low
shape level, friction is high but there is a significant drop as shape changes to a pyramid at the
high level. If the tool size is increased, then the friction reduction is somewhat lost to the point
where friction begins to increase as the shape moves from dome to pyramid.
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Figure 9.15: RS for Tool Size interacting with RPM, Feed, Angle, and Shape respectively.
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9.4.2.4.3 RPM
From all three RPM contour plots in Figure 9.16, friction is reduced with increasing rotational
speed. As a combination with feed, there is a friction reduction with decreasing feed rate.
However this reduction is more profound at low RPM than it is at higher ones. Friction does
reduce as the shape is categorically increased from low to high. Again, pyramids tend to have the
lowest associated friction compared to domes or cones primarily due to the geometric curvature
of the latter two shapes. Reducing forming angle decreases friction. This reducing quality is
more significant at high spindle speed and effectively insignificant at low spindle speed.

Figure 9.16: RS for RPM interacting with Feed, Angle, and Shape respectively.
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9.4.2.4.4 Feed
In Figure 9.17, the friction reduction tendency with lowering feed rate is evident.

As an

interaction, high angles again cause friction to drop drastically; particularly at low feed rates. The
straight walled pyramid shape possesses the lowest friction coefficient as shape is changed
however the feed rate is again inconsequential on friction to changing shape.

Figure 9.17: RS for Feed rate interacting with Angle and Shape respectively.
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9.4.2.4.5 Angle
The surface plot in Figure 9.18 shows that increasing forming angle and shape will both
systematically reduce friction. Pyramids are still best at reducing the effects of friction.

Figure 9.18: RS for Angle interacting with Shape.

9.5 Conclusions
Friction coefficients for the majority of parts formed fell between 0.1 and 0.4.

Statistical

observations showed that tool size had the largest influence on the coefficient of friction.
Response surfaces showed the influence interacting parameters had on friction. From these
surfaces, the medium level of tool size has the lowest friction in its interaction with every other
parameter. Lowest coefficients with thickness were seen when combined with the small step size,
large tool size, low feed rate, high forming angle and RPM. When thickness is combined with
shape, lowest friction coefficients were observed when forming pyramids. Therefore, reducing
step size and feed rate while increasing RPM, tool size and forming angle will produce low
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friction coefficients. From a force perspective, each of these parameters either reduces tangential
force or increase normal force which subsequently reduce friction coefficient.
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Chapter 10
Conclusions and Future Work

10.1 General Conclusions
The qualitative portion of the high speed forming study provided a quick classification of external
surface roughness in SPIF using visual inspection to distinguish parts relative to each other. It
generated a forming map using some forming parameters to help determine when the orange peel
effect is likely to form and to what extent. The formation of orange peel showed a large
dependency on the two defined characterization effects: the Speed Factor (defined as spindle
speed/feed rate, S/F), and the Shape Factor (defined as forming angle/tool diameter, sin (θ)/d). A
model from statistical analysis for orange peel is proposed based on the step size, forming angle
and spindle speed forming parameters. Experiments showed that the size of the tool does have a
marked effect on the formation and size of the orange peel. The tool rotational speed and forming
angle were also found to have a slight effect upon the size of the orange peel effect. The feed rate
of the tool was found to have no effect. The type of lubricants used in the tests had no effect on
the roughening. It was only the presence or absence of a suitable lubricant that played a notable
role on the extent of roughening.

In the quantitative portion of the high speed forming study, orange peel roughening was studied
by looking at roughness measurements and devising a part distinction scheme based on measured
common roughness parameters, Ra and Rz. A model for the equivalent roughness is proposed as a
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sensitive part distinction mechanism for orange peel. This model is based on the stated roughness
parameters as well as the defined Shape Factor. Roughness ranges are established for different
levels of orange peel along with the conditions that cause their formation. A statistical model for
the equivalent roughness is proposed using known forming parameters as an alternate to
measuring the requisite roughness parameters. Forming at high feed rates and high rotation
speeds did not seem to have significant impact on the structural integrity of the parts formed.
This was examined by looking at the thickness distribution and grain size alterations.

A complete instrumentation system capable of measuring and recording torsion and forces
through deformation strains at the tool-sheet interface in SPIF was developed. Measured forces
were converted into friction coefficients that allowed easy comparison. Coefficients for all parts
fell between 0.1 and 0.4. Through statistical analysis, the effects of the following parameters on
friction was ascertained: material thickness, formed shape, tool size, step size, forming speeds
(feed rate and rotational speed), and forming angle. Multidimensional response surfaces were
created for each pair combination to show the conditions and settings that minimized friction.
Additionally, a new contact zone representation for SPIF was established.

Using common

forming parameters and geometric considerations helped define quantities used in the
formulation. Equations governing the new contact zone are proposed for both the torsional and
tangential components of friction.
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10.2 Future Work
Experimentation and analysis from these test revealed several areas that need further study. They
are listed below.
1. In the qualitative high speed study, it was shown that step size reduction refines the sheet grain
sizes. Rotary and feed speeds seemed to have secondary effects on the grain sizes in that each
tended to have grain reduction capabilities. To confirm this suspected behavior, additional
research is recommended for an in-depth look at microstructural changes at high forming
speeds. Such a study could examine the interaction of forming parameters on grain size as
well as confirm if the grain refinement observed does improve the mechanical properties of
the formed sheets.
2. Continued research is needed to categorize the temperatures and heat distribution while
forming with high spindle and feed speeds.

Frictional heating is thought to improve

formability however the extent is not fully known.
3. Determine the distinction and effects that sheet thickness, tool size, and indentation pressure
have on the empirically determined indentation depth expression introduced in Chapter 8. As
was stated earlier, it is expected that the characteristic of relationship between indentation
depth and step size will change with sheet thickness. Thicker sheets will be stiffer and
therefore will bend less which will increase the indentation. Thinner sheets will be less stiff
and the bending component will be much higher compared to indentation. Using a constant
thickness but perturbing tool size will have altering consequences as well. Larger tools have
better sheet support due to the larger contact zone, therefore the indentation pressure will be
distributed better and result in a smaller indentation size. The reverse is true for smaller tools.
159

The small contact zone which as a result creates higher indentation pressures will create a
more profound indentation in comparison. Understanding the relationship between these
parameters on indentation depth is an essential step to quantify SPIF deformation.
4. Each step down motion is broken down into indentation, bending, and stretching components.
The combination of these for every step down motion, a, b, and c respectively, must be
determined based on the relative position between the backing plate perimeter and the center
of the part. This will aid in the approximation of each deformation component and help
solidify the deformation model proposed in Chapter 8.
5. Devise a method to reliably measure SPIF area and confirm the validity of the proposed area.
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Chapter 11
Appendix
11.1 Appendix A – Old Hardware
11.1.1 Hohner Corp. Encoder
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11.1.2 Slip Ring Assembly
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11.1.3 Vishay Signal Conditioners
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11.2 Appendix B – New Hardware
11.2.1 Sensor Mount

High density polyethylene sensor mount.
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Worst-case stress contour plots for front and rear view of mounting clamp.
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Actual contour plots for front and rear view of mounting clamp.
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11.2.2 Encoder Assembly
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1.1 Appendix C – Forming Rig
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1.2 Appendix D – Forming Tool
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11.3 Appendix E – Friction Experimental Parts

35o Cone, dome, and pyramid parts used in experimentation.
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50o Cone, dome, and pyramid parts used in experimentation.

181

65o Cone, dome, and pyramid parts used in experimentation.
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11.4 Appendix F – CNC Code
11.4.1 Sample G-Code with DPRNT for part O1
_______________________________________________________________________
O0001
POPEN
(PROGRAM NAME - O0001 )
(DATE=DD-MM-YY - 09-09-09 TIME=HH:MM - 17:47 )
N100 G20
N102 G0 G17 G40 G49 G80 G90
( 1/4 BALL ENDMILL
TOOL - 4 DIA. OFF. - 4 LEN. - 4 DIA. - .25 )
N104 T4 M6
DPRNT[T#3001 [90]]
N105 G0 G90 G54 X0. Y0.
DPRNT[T#3001 [90]]
N106 G0 G90 G54 X-2.1412 Y-2.1197 A0.
DPRNT[T#3001 [90]]
N108 G44 H4 Z1.
DPRNT[T#3001 [90]]
N110 Z.095
DPRNT[T#3001 [90]]
N112 G1 Z-.005 F80. S800 M3
DPRNT[T#3001 [90]]
N114 X-2.1823 Y-2.0773
DPRNT[T#3001 [90]]
N116 G2 X2.1423 Y2.1186 R3.013
DPRNT[T#3001 [90]]
N118 X-2.1412 Y-2.1197 R3.013
DPRNT[T#3001 [90]]
N120 G1 X-2.124 Y-2.1025
DPRNT[T#3001 [90]]
N122 X-2.1243 Y-2.1022 Z-.0149
DPRNT[T#3001 [90]]
N124 G2 X2.1237 Y2.1028 R2.9887
DPRNT[T#3001 [90]]
N126 X-2.0977 Y-2.1288 R2.9886
DPRNT[T#3001 [90]]
N128 G1 X-2.124 Y-2.1025
DPRNT[T#3001 [90]]
N130 X-2.1129 Y-2.0913
DPRNT[T#3001 [90]]
N132 Z-.0248
DPRNT[T#3001 [90]]
N134 G2 X2.078 Y2.1261 R2.9729
DPRNT[T#3001 [90]]
N136 X-2.0776 Y-2.1265 R2.9729
_______________________________________________________________________
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11.5 Appendix G – Journal and Conference Papers

11.5.1 Published Papers
Ham, M., Powers, B., Brown, C.A., J. Jeswiet, J and Hamilton, K. 2009. Roughness Evaluation
of Single Point Incrementally Formed Surfaces. Transactions of NAMRI/SME 2009, 37:411 –
418.
Hamilton, K. and Jeswiet, J., 2010. Visual categorization and quantification of the orange peel
effect in single point incremental forming at high forming speeds. Transactions of
NAMRI/SME 2010; In print.
Hamilton, K. and Jeswiet, J., 2010. Single Point Incremental Forming at High Feed Rates and
Rotational Speeds: Surface and Structural Consequences .
Annals of CIRP 2010; In print.

11.5.2 Papers in Review
Hamilton, K. and Jeswiet, J., 2010. Friction in single point incremental forming.
3rd International Conference on Tribology and Design
Hamilton, K. and Jeswiet, J., 2010. Contact area formulation for single point incremental forming
3rd International Conference on Tribology in Manufacturing Processes
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