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Abstract

This thesis presents the proof-of-concept of electro-erosion edge (EE) hon-
ing as a novel edge preparation process that is based on micro-shaping of the
cutting edges of metal cutting tools by electro discharge machining (EDM).
This process in its simplest form is first applied to straight edge high speed
steel cutting tools which results in a four-fold enhancement in the lives of
these tools as compared to the sharp unprepared ones. In the next step the
EE-honing application is expanded to hone carbide tools of a complex geom-
etry through the innovative idea of using foil counterfaces. Foil counterface
ensures the uniform processing of the entire edge length irrespective of macro-
geometric complexities such as curvilinear cutting edges and nose radii. By
employing this technique, cutting tools of a complex geometry can be prepared
with only 13% edge radius variation which is significantly lower than 40% vari-
ation reported for conventional edge preparation processes. ED-machining of
cemented carbides necessitates the systematic identification of optimal process
parameters to preserve process stability and surface integrity. It is shown that
by the application of optimal EE-honing process parameters, EE-honed tools
achieved the same life of conventionally prepared ones with the same radii.

The advent of advanced edge preparation techniques like EE-honing pro-
cess has led to the emergence of engineered cutting edge microgeometries most

of which cannot be represented by a single edge radius value. In this regard,

il



a novel idea of using parametric quadratic curves for comprehensive cutting
edge characterization is presented in the next part of this thesis. The free-
knot B-spline approximation enables the unique identification of cutting edge
separation points from the clearance and rake faces. Subsequent to the edge
identification, quadratic parametric polynomials are employed to character-
ize the cutting edge by four characterization parameters. These parameters
are contour-based and easy to visualize. As the final part of the thesis, the
EE-honing process is simulated numerically to gain a better insight into the
process. Simulation can model the generation of symmetrical and asymmetri-

cal edges and predict edge geometry with the maximum of 14% error.
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Chapter 1

Introduction and Literature

Review

The history of metal cutting may be traced back thousands of years to
the middle east when ancient people shaped gold into primitive tools. But
perhaps the beginning of modern metal cutting can be attributed to Time [1]
and Treska [2] who made the first attempts to explain the mechanics of chip
formation. From then on, the theory of metal cutting developed over the years.
The metal cutting industry on the other hand was revolutionized in 1900 when
Taylor presented his invention of high speed steel (HSS) as a tool material
that replaced the long used carbon steels. In 1940 carbide tools brought about
another turning point to the machining industry by enabling elevated speeds.

During this period of time, for almost a century the cutting edge was con-
sidered to be sharp. For instance, Merchant [3] assumed the cutting edge to
be sharp in his widely accepted analytical model of orthogonal cutting. The
extensive effect of cutting edge geometry (simply represented by an edge ra-
dius at that time) on the mechanics of machining was only realized in 1950-60,

perhaps first documented in Japanese by Masuko [4] and later by Albrecht [5].
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The enhancement of cutting tool life and performance subsequent to apply-
ing a small hone or chamfer on sharp cutting edges, a process that is called
edge honing or edge preparation, quickly became a common practice in the
machining community. It took only 10 years for honing techniques to become
a winning factor for one tool manufacturer over a competitor in 70s [6].

Over the next years, driven by the demands of a highly competitive market,
machining industry underwent constant advancements. Micromachining, high
performance machining and high speed machining which came into existence
in the past couple of decades are some of the responses to these demands.
More advanced machine tools, robust structures, high-tech spindles, complex
drives and controls have all been under constant development. The significance
of the cutting edge, as the final link in this chain of high-tech machine tool
components, cannot be overemphasized, since if it fails all other machine tool
components will be rendered redundant. For this reason, cutting edge prepa-
ration and characterization techniques have gained special attention among
the international machining research community in recent years. The emer-
gence of novel edge preparation techniques in the past five years has led to the
advent of tailored cutting edge microgeometry and techniques for advanced
cutting edge characterization.

In this context, this PhD thesis presents the proof-of-concept of the elec-
tro erosion edge honing technique which is a novel cutting edge preparation
process based on electrical discharge machining (EDM). It further presents a
new methodology for parametric characterization of the cutting edge microge-
ometry.

This chapter briefly introduces the cutting edge microgeometry and edge
preparation in section 1.1. The significant effect of cutting edge geometry

on the mechanics of metal cutting process is detailed in section 1.2. With
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the importance of cutting edge geometry established, further cutting edge
related research are categorized into two groups: (i) research related to cutting
edge preparation, and (ii) edge geometric characterization. Section 1.3 reviews
conventional and novel edge preparation techniques. Section 1.4 details the
latest advancements in cutting edge geometric characterization. Since the
electro-erosion edge honing is based on electrical discharge machining (EDM),
a brief introduction to EDM is also provided in section 1.5. Finally, section

1.6 presents the objectives and outline of the thesis.

1.1 Cutting Edge Microgeometry

Cutting tools come in thousands of different geometries specifically de-
signed for particular applications. An indexable cutting tool consists of a tool
holder and an insert. Specifically designed tool holders hold the inserts while
it is the insert that performs the actual machining process. Depending on
their application, cutting tool inserts might adopt different macrogeometric

features such as chip breakers, nose radius (R,) or curvilinear edges, Fig. 1.1.

A

Figure 1.1: A typical cutting tool insert.
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Regardless of various complexities an insert might have, the focus of this
thesis is on the microgeometry relating to the cutting edge of the tool (section
X-X in Fig. 1.1) which plays a major role by removing chips from the work-
piece surface. Most of the early models of chip formation, such as the widely
used Merchant’s model [3], Lee and Shaffer’s Model [7] and Oxley’s model [§],
considered this microgeometry to be perfectly sharp. Nevertheless, cutting
edges have always a finite sharpness which through extensive experimental
tests is shown to significantly affect the machining process. This is detailed in
the next section.

Upon the realization of such importance, edge preparation techniques were
developed for micro-shaping the sharp edges of cutting tools. Edge prepara-
tion removes initial edge defects, Fig. 1.2 (such as edge chipping, die flashes
and burrs) from the sharp edges of cutting tools by replacing them with a
smooth profile and thereby increases the tool life. Furthermore, edge prepara-
tion techniques are employed to fabricate engineered edge microgeometry for
enhanced tool performance since machining responses exhibit optimum value
with respect to cutting edge microgeometry.

Prepared edge

 rake

[
v
B

Examples of sharp edges

Edge geometry

Changes in surfaces and
edge micro-topography

Figure 1.2: Importance of cutting edge preparation [9].
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1.2 Importance of Cutting Edge Geometry

Cutting edge microgeometry affects many aspects of a machining operation
like cutting force, surface quality, stress and temperature distribution on the
tool, tool wear and tool life. Several researchers have investigated the influence
of edge geometry on machining results. The research in this area can be divided
to two major groups. In the first group cutting edge geometry is represented by
an edge radius value (rg in Fig. 1.1) assuming that the geometry of the cutting
edge corresponds to a circular profile connecting the rake and clearance (flank)
faces, a brief review of which follows.

The first study (atleast in the English literature) in this group is the work of
Albrecht [5]. By considering the edge roundness, Fig. 1.3, Albrecht suggested
that in addition to material shear which was known to be a major factor in the
mechanics of chip formation, ploughing can be considered to be of significance

as well.

Figure 1.3: Resolving the resultant force R into two components: ploughing

force P and tool face force Q; adapted from [5].

As the tool progresses in the cut, the small amount of material in front of

the cutting edge flows with respect to the material separation point. Above
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this point material is pressed into and becomes a part of chip. Below this point
material is considered to flow into the workpiece forming the newly machined
surface. This action is termed as ploughing. Albrecht showed that considering
the ploughing effect enables the metal cutting theory to explain some of the not
previously well-understood phenomena like chip curl and compressive residual

stresses in the workpiece.

N_ A
ol

AN
material separation

workpiece
—

Figure 1.4: Material separation point.

Considering the geometry of the cutting edge provides the rationale to
explain various machining responses, one of which is the size effect. Size effect
is defined as the nonlinear increase of specific cutting energy, energy required to
remove a unit volume of material, with decrease in undeformed chip thickness
[10]. It is due to the size effect that classical chip formation models which
ignore the finite edge geometry are only valid when the magnitude of edge
radius is quite small (rg/h << 1) compared to the uncut chip thickness (h).
The effect of cutting edge microgeometry becomes particularly pronounced
when 75/h < 1 in processes such as finish hard turning or micro-machining. A
small change in undeformed chip thickness significantly affects the machining

process as the material removal mechanism changes from cutting to ploughing
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and thereby affecting the tool life and the surface quality of workpiece [11].
Alternatively, a chip formation theory based on slip line model considering the
effect of edge microgeometry has been proposed by Fang [12] which accounts
for the size effect.

Through experimental cutting tests, Rech [13] and Schimmel et al. [14] have
shown that by increasing the cutting edge radius the thrust force component
elevates considerably but the cutting force is not significantly affected, Fig. 1.5.
This is due to the increased ploughing while machining with tools with larger
edge radius. Fang [15] obtained similar results using the analytical slip line

chip formation model.

1200

4
(a) | I
1000 | _ 400 | ‘ | *
aso F » .
800 |- i i ! ! x p<
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S ® 28 g 200 ) ® 28 -
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0 i I | 5 ‘ ; : i ; ‘ ‘
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Uncut Chip Thickness (mm) Uncut Chip Thickness (mm)

Figure 1.5: Forces vs. uncut chip thickness : (a) cutting (b) thrust [14].

While high speed machining of 44 HRC hardened INCONEL 718, Coelho
et al. [16] studied the effect of edge honing on surface roughness and residual
stresses. They reported the potential improvement in the surface roughness
and an increase of the compressive residual stresses on the machined surface
while machining with tools honed to 13 - 38 um as compared to unprepared
ones. Nasr et al. [17] also studied the effect of edge radius on residual stresses

for orthogonal cutting AISI 316L steel by using a finite element model, Fig. 1.6.
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By increasing the edge radius value, higher tensile residual stresses were in-
duced in the near surface layer. This is due to the increase in workpiece temper-
ature since more heat is generated when the contact area between the tool-tip
and the workpiece increases. Larger tool-edge radius induced higher com-
pressive residual stresses far from the surface and moved the location of their
maximum magnitude deeper into the workpiece, Fig. 1.6. This is attributed
to higher material plastic deformation and more material being ploughed into

the newly machined surface [17].
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Figure 1.6: Effect of tool-edge radius on in-depth RS11 profile [17].

Bouzakis et al. [18] showed that an increase in the edge radius of coated
cemented carbide inserts from 8 pym to 35 pm decreased the maximum me-
chanical stress in the cutting edge, in a milling application. This was found to
lead to a delayed onset of coating fracture and a four-fold enhancement in tool
life. Rech et al. [13] reported similar results by investigating the wear resis-
tance of powder metallurgy high speed steel (PM-HSS) milling inserts. It was

concluded that the best performance in the dry milling tests corresponded to
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honed tools with a cutting edge radius of 10 gm which increase the cutting tool
life dramatically by a factor of 4-5 compared to ground tools. This small cut-
ting edge radius prevents the PM-HSS tool from chipping of the substrate and
from fatigue fracture of the coating in high speed dry milling [13]. They also
developed a 2-D finite element model to study the stress distribution within
the tool coating and substrate through which the optimal edge radius that
allows the minimization of equivalent stress inside the coating was found to
be 14 pm. While increasing the cutting edge radius, its optimum value can be
related to the trade-off between the increased machining forces which results in
higher mechanical stresses on the tool and the decreased stress concentration
in the cutting edge that delays the onset of coating fracture.

By using a CCD camera, M’Saoubi and Chandrasekaran [19] investigated
the influence of cutting edge microgeometry on cutting tool temperature. They
reported that a higher radius (from 2 to 25 ym) induces an increase of around
15°C of the maximum cutting temperature on the rake face due to larger
plastic deformation and more heat generation. Yen et al. [20] reported that
the maximum tool temperature near the tool tip exhibits optimum value with
respect to edge radius. This is attributed to the opposing effects of more heat
generation and better heat dissipation due to the larger contact area when
increasing edge radius.

In the past two or three years, with the advent of advanced edge preparation
techniques, researchers have studied the cutting edge microgeometry in more
details. Therefore, the second group of research, in addition to the roundness
of the edge previously investigated, consider the effect of edge asymmetry on
process behavior.

In order to differentiate asymmetric cutting edge microgeometries, Denkena

et al. [21], employed S, and S, parameters which are defined as the distance
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Figure 1.7: Characterization of the asymmetrically honed cutting edge [21].

between the virtual sharp edge to the cutting edge margins on flank and rake
faces, respectively, Fig. 1.7. S, was shown to directly influence the thermal
load on the wedge of the cutting tool as a result of increased contact area and

higher friction of the flank face with the workpiece.
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Figure 1.8: Effect of symmetrical and asymmetrical cutting edge geometries

on material separation point [22].
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In a later study, Denkena et al. [22] developed a finite element model to
convey a more in-depth analysis of the effect of symmetrically and asymmetri-
cally rounded cutting edge on the flow of material in the vicinity of the cutting
edge. They were able to explain the changes in cutting force and tool thermal
load by looking at the material separation point and the length of the effective
cutting edge while changing the asymmetrical geometric parameters, Fig. 1.8.
They concluded that the tool temperature and cutting force increase with in-
creasing S, and S, with the thrust force being dominantly influenced by S,.
By increasing S, material separation point moves higher from the newly ma-
chined surfaces, thus more material needs to be ploughed into the workpiece
surface, Fig. 1.8.

It is obvious from the reviewed research that the cutting edge geometry has
a significant role in the mechanics of cutting and tool performance. Variations
of edge geometry from one insert to another or along a single cutting edge will
therefore lead to non-consistent machining results. This reveals the significance
of developing a repeatable, cost-effective edge preparation techniques capable
of consistently honing cutting edges for cutting tools of different materials and

macrogeometries.

1.3 Edge Honing Processes

Upon the realization of the advantages of edge honing on the mechanics
of machining, processes for microshaping the sharp edge of cutting tools were
developed. These methods are called edge preparation methods. Edge prepa-
ration is a necessity in almost 100% of all hardmetal tooling [6]. Depending on
the cutting tool application, edge preparations are applied in a variety of sizes

and shapes. Proper edge preparation is important for tool performance since

11
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it strengthens the tool and delays or eliminates edge chipping or breakage. As
explained previously, it has a significant effect on cutting force, surface finish,
residual stresses and tool wear rate. It also removes edge imperfections and
prepares the edge for coating. This section reviews the conventional and novel

edge preparation techniques.

1.3.1 Conventional Edge Honing Processes

In this section two of the common industrial edge preparation methods
presently used to generate the edge radius are introduced. Both of these

methods rely on material removal by abrasion.

Brush honing (Nylon Abrasive Filament Brushes)

The most common method for honing the cutting edges employs nylon abrasive
filament brushes. In this method the inserts to be honed are passed through
nylon brushes impregnated with abrasive grits. In some applications inserts
also rotate around the machine table as they all revolve under the brushes.
Brush honing edge preparation machines are manufactured in different config-
urations. Fig. 1.9a shows a brush honing setup. Similarly, the brush honing
wheels are produced in different shapes and geometries (Fig. 1.9b). By varying
the time, speed, depth of contact between the tool and the brush wheel and
the direction of engagement, different edge geometries can be generated.
Shaffer [6] explained the characteristics and limitations of the brush honing
process. He mentions that the most influential parameter on the quality of the
finished part is the in-coming part condition as these parts might have initial
die flash, edge chipping or damaged edges. Moreover, the variable honing
characteristics of different cutting tool materials sometimes even within the

same batches of inserts is another decisive limitation. Therefore, the edge

12
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Figure 1.9: (a) Nylon abrasive cutting edge preparation machine [23]. (b)
Nylon abrasive filaments.

honing process requires a delicate balance of operating parameters. This makes
the machine setup time consuming and greatly dependent on operator skills.

Another limitation of the brush honing process is the constant change in
the condition of filaments. Shaffer indicates this limitation as nylon smearing
caused by incorrect setup and incorrect operating parameters [6]. Bassett et
al. [24] investigated this phenomenon more closely by looking at the filament
wear behavior. While preparing a batch of 80 inserts, it was shown that
the edge radius variability of the brush honed inserts is highly dependent on
filament conditions, Fig. 1.10. The brush honing process achieves its maximum
repeatability in the middle of the filament life cycle in the stabilized process

stage.
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Figure 1.10: Effect of filament condition on the repeatability of brush honing
[24].
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By analyzing the geometry of edges prepared by this method, it was shown
that edge radius variability could be as high as 40% along the same edge [25]

and up to 35% from the measured value to the nominal edge radius [26].

Abrasive Jet Machining (AJM)

Abrasive jet machining (AJM), also called micro blasting, is a manufacturing
process that utilizes a high-pressure air stream to propel small abrasive parti-
cles to impinge on the workpiece surface for material removal and shape gen-
eration. The removal occurs due to the erosive action of particles striking the
workpiece surface, Fig. 1.11. AJM has limited material removal capability and
is typically used as a finishing process [27]. The mechanical properties of the
substrates will determine the type of treatment, i.e. particle hardness, velocity

and duration of application [28]. The advantages of this method include [28]

Abrasive
Particles

Figure 1.11: Abrasive Jet Machining [27].

increased fatigue life, change in residual stresses, and it being economical and
easy to apply. The major limitation of this process is the low removal rate

which limits its application to intermediate hone sizes (5 - 20 ym) [23]. Higher
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radius values require longer processing times which cause collateral damage to
the rake and flank [27]. Moreover, uniform profile generation requires the ro-
tation of the edge (or nozzle) around three perpendicular directions in order to
ensure uniform treatment of all the cutting edges and faces. There is also the
risk of abrasive grains getting embedded into the substrate. These grains are
usually non-conductive and may hence adversely affect the coating deposition
process for PVD coatings [13].

Rodriguez [9] compared the life of the carbide cutting tools prepared by
brush honing with abrasive jet machining for different edge radius values (rg
= 7 - 26 pm), Fig. 1.12. It was shown that for the entire edge radius range
abrasive jet machined tools correspond to an increased flank wear. This is due

to the collateral damage of abrasive jet to the cutting edge.
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Figure 1.12: Tool wear for tools prepared by AJM and brush honing [9].
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1.3.2 Modern Honing Processes

The limitations of brush honing and micro blasting as conventional edge
preparation techniques along with the ever-increasing demand for high per-
formance cutting tools have led to the emergence of novel edge preparation

techniques in the past 5 years, a review of which follows.

Abrasive Flow Machining (AFM)

Abrasive Flow Machining (AFM) was developed in 1960s as a process to
polish, debur and hone difficult to reach surfaces and edges by flowing an
abrasive laden fluid over them. It uses two vertically opposed cylinders which
extrude abrasive medium back and forth through the passage formed by the
workpiece and the tooling. Abrasion occurs whenever the medium passes

through the restrictive passage [29], Fig. 1.13.
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Figure 1.13: Abrasive Flow Machining.
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The AFM process has been adapted to manufacture cutting edge radii
by extruding an abrasive paste containing SiC or diamond grains around the
cutting edge [13]. This process has the advantage of being more flexible to
create a wide range of radii compared to micro sandblasting [13]. The novel
AFM method is one of the common methods that some tool manufacturers use
for edge radius generation. The rheological properties of the medium affect
the abrasion process dramatically.

Bouzakis et al. [18] investigated the effect of cutting edge radius prepared
by micro-sandblasting and AFM method on the wear behaviour of PVD coated
cemented carbide inserts for the milling process. Comparing the two prepa-
ration methods resulted in the conclusion that AFM method produces tools
with longer tool life than micro-blasting, Fig. 1.14. This was related to the
removal of carbide grains on the outer surface by the sand jet. Rech [30] re-

ported similar results for prepared gear hobs made of PM-HSS.

0.2 ' - " - . .
}},dzzs pmimicro-blasiejﬁ)l/
5
/ f‘fd’r‘&;lh d
one
LA

l{ first coating fracture

1 1

0 2 4 6 8 10 12 41’4 16 18 20
Number of cuts (x10) .
v.=200 m/min, h_,=0.12 mm, axy=az=3 mm, a=11",

k=75, y=0, (TissAls,)N /K05-K20, t=3 ym

3
3

Flank wear VB
o

§=
(=)
(3

Figure 1.14: Comparison of the flank wear development between a blasted and
a AFM honed cutting edge of similar radii [18].
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Abrasive Waterjet Blasting

Biermann and Terwey [31] employed the abrasive waterjet blasting pro-
cess to prepare different cutting edge designs of twist drills prior to coating.
Pressurized water was mixed with the abrasive medium in a swirl chamber.
Accelerated grains impact the cutting edge with high velocity and remove
small amount of material. By varying the jet-feed speed, they were able to
generate variable edge radius along the twist drill cutting edges based on which

they prepared four different cutting edge designs, Fig. 1.15.

Tool: Twist drills Cutting speed: v, = 400 m/min Edge Preparation:

Tool material: HC TiN Feed: f=0.375 mm/rev [l Severely rounded
Werkpiece material: AlSI 1045 Drilling length: L, = varied

Drill diameter: d=14mm Drilling depth: t=42 mm O slightly rounded

Tool A
Tool B
Tool C
Tool D

Tool wear of the cutting edge corner after a drilling length of L, =378 mm

Figure 1.15: Influence of the cutting edge design on tool wear [31].

It was concluded that the size of the cutting edge rounding (especially
at the corner) has a pronounced influence on tool wear and the quality of
the borehole, as edges with higher rounding exhibited higher stability and de-
creased chipping. Better adhesion of the coating was claimed to be responsible

for enhanced process performance.

Magnetic Abrasive Machining (MAM)

In the magnetic abrasive machining method, a magnetic field is used to
generate cutting and polishing forces to treat the surface of a machined part.

The magnetic field behaves as an elastic bond for the abrasive ferromagnetic
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grains and allows more effective use of cutting edges; furthermore, it provides
conditions for a small cutting force and a low surface temperature for finishing

operations [32].
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Figure 1.16: Enhanced drill life by means of MAM [34].

Cheung et al. [33] used the magnetic polishing method for edge preparation
of HSS drills. Through improvement of the cutting edge condition, the process
has shown to be beneficial in the enhancement of drill life as drills with edge
radius ranging from 24 -27 pm achieved the maximum life when machining 30
HRC Bohler M238 plastic mould steel. By magnetic abrasive machining edge
preparation of high speed steel drills, Karpuschewski et al. [34] enhanced the
tool life by 80%. The prepared cutting tools exhibited optimum behaviour for
edge radius of 25 - 35 um, Fig. 1.16.

Edge Preparation by Marking Laser

Aurich et al. [35] developed the innovative application of marking laser for
cutting edge preparation. Several tool material layers needed to be removed
for generation of edge radii greater than 14 pym or an appropriate cutting
edge roughness (R, < 1.5 pm). One of the limitations of this method was the

decreasing machining accuracy as the number of layers increases. This method
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was shown to successfully increase the tool life by more than 50% as compared
to sharp tools. However, it is unclear if the tools prepared by this method
show the same or better functionality, when compared to brush-honed tools
with the same radii. This is specifically important since laser machining is a

thermal process and hence alters the substrate surface integrity.

5-Axes Brush Honing

Denkena et al. [36] have been able to address some of the disadvantages
of conventional brush honing by introducing the simultaneous 5 axis brushing

technique, Fig. 1.17.
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Figure 1.17: 5-Axes brush honing [36].

Consistent cutting edge microgeometry was achieved along the cutting edge
even at the nose section. By taking advantage of 5-axis brushing wheel move-
ment, they have also been able to generate asymmetric edge microgeometry
along the cutting edge. This process appears to be promising though it will be
complicated on complex edge macrogeometries having nose radius and curvi-

linear edges, since the machine should be programmed differently for various
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cutting edge macrogeometries. The variable condition of abrasive filaments
also remains to be a limitation for successive honing of several batches of

inserts.

1.3.3 Summary of Preparation Methods

An introduction to available edge preparation techniques was presented in
this section. Two conventional edge preparation techniques are brush hon-
ing and micro blasting, both relying on material removal by abrasive grits.
However, inadequacy of the conventional edge preparation methods which is
manifested in edge radius variations by as much as 40% [25] on one hand, and
the fact that circular edge profile does not necessarily correspond to the most
optimal edge geometry [21] on the other, has led to the development of a series
of novel edge preparation techniques in the past few years. Magneto-abrasive
cutting edge preparation [34], edge preparation by marking laser [35] and 5-
axis brush honing [36] are some of these novel micro-geometry fabrication
techniques, aiming to enhance the controllability of the edge preparation pro-
cess. The motive behind their development is particularly pronounced when
it comes to machining high value components. Despite the advantages that
these methods offer, they have also some limitations. 5-Axes brush honing,
AFM, MAM and abrasive water jet machining are abrasion based, hence their
application is highly limited by the hardness of the material being prepared.
Marking laser preparation is also limited for honing large size hones as sev-
eral layers need to be removed. Furthermore, a major common confinement is
the preparation of cutting edges of complex macrogeometries where intricate
kinematic configurations are required for uniform treatment of all the cutting

edge.
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Keeping in mind the prominent role of edge microgeometry in machin-
ing operations, developing a repeatable, defect-free and low cost preparation
method is the major motive of this thesis. The development of such a prepa-

ration method based on electro-discharge machining is detailed in Chapter 3.

1.4 Cutting Edge Characterization

Cutting edge geometry has a significant role on the mechanics of chip for-
mation. It is known to considerably affect the cutting force, machined surface
roughness, tool life and residual stresses. Accordingly, edge preparation tech-
niques have been developed to secure consistent tool performance by replacing
the initial sharp cutting edge with a tailored cutting edge profile.

Due to the lack of advanced measurement methods and effective edge
preparation techniques, for years cutting edge geometry was represented by
a single edge radius value assuming that the edge profile can be best described
by a circular arc connecting the rake and flank faces. With the advent of
engineered cutting edge microgeometries resulted from novel edge preparation
techniques, however, cutting edge radius was not sufficient to represent these
complex geometries. With a view to bridging this gap, several researchers have
proposed novel edge characterization methods.

Denkena et al. [21] suggested four parameters to characterize the asym-
metrically honed edge, Fig. 1.18a. Distance between the virtual sharp edge
and edge separation points (points 1 and 2) on the rake (S,) and on the flank
(Sa), Ar which is the apex distance to the virtual sharp edge and ¢ that de-
scribes the angular shift of the apex to the wedge angle bisector. However, this
method lacks a robust approach for the determination of S, and S,. These

parameters are therefore based on ideal geometric shapes and are affected by
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local form variations and measurement point uncertainties.

Rodrigues [9] has developed an edge characterization method in which the
profile is approximated by a sixth-degree polynomial. Cutting edge was defined
with respect to uncut chip thickness (points 1 and 2), Fig. 1.18b. Based on this
polynomial, a series of geometric functions (i.e. effective rake and curvature
function) and parameters were calculated for every point on the edge. This
method is able to relate the machining behaviour to the shape of the cutting
edge microgeometry, however it is incapable of providing a comprehensible

description of the cutting edge geometry independent of machining conditions.

flank face

Figure 1.18: Cutting edge characterization methods due to: (a) Denkena et
al. [21], (b) Rodriguez [9], and (c & d) Wyen et al. [37].

Wyen et al. [37], in an attempt to reduce the limitations inherent in
Denkena’s method, proposed a new set of edge characterization parameters.
They indicated that if the cutting edge region is not properly identified, edge
characterization is subject to significant uncertainty. Edge identification is a

process that identifies points 1 and 2 in Fig.1.18a and thereby separates the
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edge from the rake and flank faces. The application of an edge identification
algorithm based on iterative circular fit prior to any edge characterization was
therefore advised, Fig 1.18c. In order to make Denkena’s parameters inde-
pendent of cutting edge separation points (points 1 and 2), they suggested
replacing S, and S, with D, and D,, respectively, Fig. 1.18d. This set of
parameters, though independent of cutting edge separation points, is still de-
pendent on the point uncertainty and local form errors of the cutting edge
profile. As D, and D, are point based parameters, they are sensitive to single
point position variations.

Investigating more than 3000 cutting edge profiles during the course of this
Ph.D research, revealed the lack of a comprehensive, contour-based, form er-
ror invariant and easy-to-understand set of edge characterization parameters.
Chapter 5 presents the innovative application of free-knot B-spline approxi-
mation for contour-based cutting edge identification. The edge identification
method is shown to be robust against local form errors and point uncertain-
ties. Following the identification approach, a new set of edge characteriza-
tion parameters using parametric quadratic polynomials is proposed. These
parameters in addition to being able to effectively discriminate various edge

micro-geometries, are easy to visualize and influential on process behavior.

1.5 Electrical Discharge Machining (EDM)

The cutting edge preparation technique that is developed in this PhD thesis
is based on electrical discharge machining. Therefore, a brief introduction to
EDM is presented in this section.

Fig. 1.19 shows the four stages of EDM process. In EDM, there is a mi-

croscale gap filled with a nonconductive dielectric fluid between the oppositely
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polarized electrode and workpiece, Fig. 1.19a. Once a pulsed voltage (typically
50 V) great enough to ionize the dielectric fluid is applied [38], by overwhelm-
ing the electrical resistance of the dielectric fluid, a spark goes through and a
plasma channel with high temperatures (in the range of 8000 K [39]) consti-
tutes, Fig. 1.19b. As a result of a single spark, material melts and evaporates
leaving a tiny spherical crater on the workpiece and electrode surface [40],
Fig. 1.19¢c. The spark (electrical discharge) usually occurs at the shortest path
between the workpiece and the electrode due to the smallest local dielectric re-
sistance [41]. Once the pulsed voltage is removed, the plasma bubble collapses
and debris particles will be flushed away by the dielectric fluid, Fig. 1.19d.
Pulse voltage should be determined in a fashion to provide the most stable
process. Higher pulse voltage leads to higher pulse energy and crater size.
However reducing the pulse voltage results in reduced gap size leading to the

higher possibility of short circuits and arcing [42].
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The electrical discharges in the four stages explained above constitute the
basic unit of material removal in EDM process. Crater dimension determines
the workpiece surface roughness. Volumetric material removal per discharge is
typically in the range of 107¢ — 107 mm? and material removal rate (MRR) is
between 2 and 400 mm?/min [43]. As mentioned, a small amount of material is
also removed per spark from the tool electrode surface which causes electrode
wear. The ratio of the volumetric amount of material removed from tool
electrode (V}) to that of workpiece (V,,) is called wear ratio (v).

Dt
= — 1.1
Lw ( )

In a typical EDM process wear ratio is very small (v < 0.05) and there-

v

fore, as a result of hundreds of thousands of sparks per second (with spark
duration typically being 10 us), workpiece will take the mirror shape of the
tool electrode, Fig. 1.20a. This process is called sink EDM. The CNC sink
EDM machine used for all the EDM experiments in this thesis is shown in

Fig. 1.20b.

(a) Electrode | ‘ (b) % ]W

Workpiece

Figure 1.20: (a) Sink EDM process. (b) EDM machine used for experimental

tests.
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Although the electrode wear in EDM process is very negligible compared
to workpiece material removal, in micro-machining and high precision EDM
processes, it is indeed a major drawback. That is why in these applications
several electrodes are used sequentially for roughing, semi-finishing and fin-
ishing cycles. Electrode wear is specially pronounced at the sharp corners of
tool electrodes. Mohri et al. [44] measured the electrode wear for a cylindrical
copper electrode with a diameter of 10 mm while machining carbon steel. The
wear results are shown in Fig. 1.21. They reported that the initial electrode
edge roundness of several micrometers enlarges to hundreds of micrometers

after 106 mins of machining, Fig. 1.21.
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Figure 1.21: Shape change of edge portion of cylindrical copper electrode [44]

A geometric explanation for rapid degeneration of the electrode sharp cor-
ners during the sink EDM process can be deduced from considering a unit sur-

face area of tool electrode facing the workpiece, Fig. 1.22. It can be seen that
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the workpiece surface facing a unit electrode surface is larger at the edges [45]
resulting in higher density of sparks and higher wear at the corners, Fig. 1.22.
Crookall and Fereday [46] explained this phenomenon by introducing the con-
cept of relative duty.
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Figure 1.22: Concept of relative duty [46]

The key idea of the electro-erosion edge honing (EE-honing) is based on
this drawback of sink EDM. Sharp unprepared cutting edges are used as tool
electrodes. By taking advantage of localized electrode wear at sharp edges,
sharp unprepared cutting edges can be honed as a result of the controlled
EDM wear pattern while ED-machining of an appropriate counterface. This
is elaborated in Chapter 3.

Prior to implementing the EE-honing process, there are a number of prospec-
tive advantages of using EDM for this application. There is no direct contact
between the electrode and the workpiece in EDM, which eliminates mechan-
ical stresses during machining [47]. EDM is known for its high repeatability,
this can address the edge geometric variability of traditional preparation tech-
niques. Materials of any hardness can be machined [48], as long as their
electrical resistivity is lower than 100 2cm. The amount of material needs to

be removed to hone a sharp edge is very minimal. Therefore, while keeping
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the process time reasonably low, it is possible to hone the cutting edges by us-
ing conservative EDM parameters, which in turn make it possible to generate
critical tooling surfaces with no functional detriment [49].

Electro-erosion edge honing process is elaborated in chapter 3. It is shown
that by controlled wear pattern, it is possible to hone the sharp edges of
straight edge HSS inserts using this idea. The application of EE-honing is then

expanded to include carbide tools of complex macrogeometry in chapter 4.

1.6 Thesis Objectives and Outline

1.6.1 Thesis Objectives

The objectives of this thesis are two-fold. The first is to develop a reliable
cutting edge preparation technique that can repeatedly and consistently gen-
erate fine geometries on the order of several micrometers on the sharp edge
of a cutting tool after the grinding/compaction operation. This is to prevent
catastrophic tool failure, and to enhance the life and reliability of the tool.
This project entails the innovative application of electrical discharge machin-
ing (EDM) to generate this edge geometry, as opposed to conventional methods
that rely on material removal by abrasion.

The second goal is to develop a robust, contour-based cutting edge char-
acterization which is capable of identifying cutting edges of various forms and
geometries. These parameters should be capable of representing symmetric
and asymmetric cutting edge geometries. They should further be easy-to-

visualize and at the same time influential on machining process behaviour.
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1.6.2 Thesis Outline

Prior to the implementation of the electro-erosion edge honing idea, it
was realized that a reliable edge measurement and modeling technique should
be developed for subsequent investigations of the prepared edges. Chapter 2
explains the development of such method based on optical microscopy and
compares the modeling results of this approach with other cutting edge mod-
eling techniques including form tracer, white light interferometer and physical
sectioning of the edge.

Chapter 3 is a reproduction of a paper published in the CIRP-Annals
Manufacturing Technology in 2010. The key idea and methodology of electro-
erosion edge honing is detailed in this chapter. EE-honing is a novel edge
preparation process that is based on micro-shaping the cutting edges of metal
cutting tools by electro discharge machining (EDM). This process has been
applied to straight edge high speed steel (HSS) cutting tools and is shown
to result in a manifold enhancement of tool life as compared to the sharp
unprepared edges.

In chapter 4 the EE-honing application is expanded to hone complex ge-
ometry tools by an innovative idea of using foil counterfaces. Carbide tools
are prepared considering that they are the most common metal cutting tool
material. Electro-discharge machining of metal matrix composite carbides
brought about lots of process stability and surface integrity challenges that
required careful selection of the process parameters. The systematic approach
of identifying effective EE-honing parameters is explained. Complex geome-
try cutting tools prepared by these parameters are then analyzed in terms of
geometric consistency, surface integrity and tool life. This work is published
in the Journal of Material Processing Technology in 2012.

The advent of advanced edge preparation techniques like EE-honing process
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has led to the emergence of advanced cutting edge microgeometries. This
however, developed a gap between the modern cutting edge geometries and
cutting edge characterization techniques, since for more than 60 years cutting
edge radius was used as the only parameter to represent the edge geometry
assuming that the edge profile corresponds to a circular segment. In order to
bridge this gap, a novel idea of using piecewise polynomial B-spline curves for
cutting edge characterization is presented in chapter 5. The free-knot B-spline
approximation enables the unique identification of the cutting edge separation
points from the clearance and rake faces. Subsequent to edge identification,
quadratic parametric polynomials are employed to characterize the cutting
edge using four parameters. These parameters are contour-based, easy to
visualize and influential on process behavior. This part of the thesis is also
under review for publication.

As the final stage of the thesis, the EE-honing process is simulated numer-
ically. The algorithm is first qualitatively verified by the predictions of several
process behaviors. Finally, EE-honing simulation results for honing of cutting
edges under increased processing were compared to experimentally generated
hone sizes. It is shown that there is only a maximum error of 14% between
the simulated and experimental results. These results documented in chapter

6, are to be shortly submitted for publication.

1.6.3 Contributions to Articles

Chapter 3, 4 and 5 of the thesis are reproductions of published or submit-
ted articles in/to top journals of the manufacturing field. All the tests, mea-
surements and computations are original research results and implemented in

McMaster University.
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The idea of the electro-erosion edge honing presented in chapter 3 is pub-
lished in CIRP Annals, Manufacturing Technology. The primitive idea was de-
veloped previously by Dr. Koshy. Some preliminary tests on HSS inserts were
conducted by a visiting student, Mr. Buchholz supervised by Prof. Klocke
from Germany, both of whom are coauthors of the paper. In the second year
of my PhD tenure, I performed the systematic development of the process
through experimental tests, computations, measurements and simulations. All
the presented results in this work are my research results (except for the tool
life test for HSS tools which was previously done by Mr. Buchholz) developed
under the supervision of Dr. Koshy. The paper was originally written by Dr.
Koshy with my help on subsequent modifications. I prepared the figures and
graphs out of the research results.

The EE-honing process was extended to prepare carbide tools with com-
plex geometry. This work is presented in chapter 4 and is published in the
Journal of Materials Processing Technology. I wrote the first draft of the pa-
per and prepared all the figures and graphs after which they were modified in
accordance with Dr. Koshy’s instructions.

The innovative idea of using free knot B-splines for cutting edge identifi-
cation and using quadratic parametric for edge characterization is presented
in chapter 5. I generated the first paper draft, figures and results. The idea
was originally mine and was further developed over numerous in-person meet-
ings through elaborate discussions with Dr. Koshy looking at it from different
perspectives. Results are documented in a paper that has been submitted to

Precision Engineering.
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Chapter 2

Cutting Edge Geometric
Modeling

Cutting edge modeling provides the profile of the cutting edge cross section
which can be used to evaluate the edge radius or its asymmetry. An effective
edge modeling method should be capable of modeling edges of various sizes,
microgeometries and textures with acceptable repeatability. Furthermore, it
should be applicable to cutting tools with various macrogeometric complexi-
ties. It is also beneficial for a modeling technique to provide a surface model of
a cutting edge so that edge geometric uniformity can be investigated without
repositioning the edge for individual profile measurements. A reliable cutting
edge modeling technique is required for investigating the geometry of the pre-
pared edges prior to any attempt to develop a novel edge preparation process.
In the context of this thesis, edge modeling technique facilitates the geometric
evaluation of the cutting edges prepared by the developed method as compared
to the ones prepared by conventional edge preparation processes.

In this chapter a brief review of the common cutting edge modeling methods

is first presented. The cutting edge modeling technique that is developed based
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on optical microscopy is then detailed.

2.1 Cutting Edge Modeling

Tactile or optical measurement methods are used for various metrology
purposes. Some of these measurement methods are briefed in this section
from the cutting edge measurement perspective.

Form tracers (Profilometers): Form tracers measure a contour of a speci-
men on which a stylus or a probe moves. A diamond stylus is used to trace
the profile of the cutting edge. Typically, in order to fully characterize the
tool, several traces are measured at the leading edge, nose and trailing edge.
Although stylus form tracer have been a means of measurement for quite a

long time, there are a number of limitations for this method:

e Form tracer provide a contour measurement of the surface. Conse-
quently, for more in-depth analysis of the cutting edge like the variation
of edge radius along the edge or tool wear analysis many contours need

be measured.

e As the form tracer works on a contact based approach any deficiency in
the measuring instrument necessitates calibration process or it will affect

the accuracy of the results.

e The perpendicularity of the edge and the stylus path affects the mea-
surement results since only a stylus path that is perfectly perpendicular

to the edge will measure the true cross section.

Scanning Electron Microscope (SEM): SEMs are used to produce high res-

olution images from objects [50]. Edge radius measurement could be done in
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destructive or non-destructive fashions using an SEM. In the non-destructive
method the edge is oriented perpendicular to the electron beam. This method
is obviously not precise since the measurement is strongly dependent on the
specimen orientation.

The more precise method is the destructive one, where a cross section of
an insert is examined under the SEM [51]. This method also suffers from a
number of disadvantages. The most important one is that only one section
of the cutting edge can be examined at a time. Moreover, cutting tools are
hard materials. This makes the sample preparations (sectioning, mounting,
grinding and polishing process), time and money consuming. In addition, since
it is the edge of the specimen that is of interest, if edge retention strategies
(use of edge retention powders, appropriate resin and sacrificial pieces) are not
employed while preparing the samples, edge geometry will be altered due to
edge rounding during grinding and polishing of the specimen.

White Light Interferometer: Basically developed for flat surface profile
measurements, white light interferometers (WLI) are now widely used for edge
profile measurements [25]. The most important disadvantage of this method
is that obtaining interferometric fringes is limited, if not impossible, for sharp
edges, since most of the incident lights scatter and cannot be observed by the
objective lens. For the same reason the obtained three dimensional surface
is of low resolution. This makes a more in-depth analysis like cutting edge
geometric evaluation along the cutting edge almost impossible. The process is
also strongly dependent on the specimen color and texture.

Atomic Force Microscope: AFM consists of a sharp probe at the end of a
micro scale cantilever which collects data on a series of line scans across the
part surface. A typical AFM cantilever has 400 ym length and 10 pm height

and 10 nm tip radius [52]. This method is mostly used for measuring the
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edge radius of micro machining tools (diamond tools), where a precise value of
edge radius is vital. The slenderness and small (<5 pum) traveling range of the
AFM cantilever is a limiting factor for measuring hard convex cutting edges
confining its application to measurement of diamond tools.

Fringe Projection: Some researchers have reported the employment of
fringe projection for cutting edge radius [35] and tool wear [53] measurements.
In this method a pattern of equidistant stripes is projected on the object sur-
face. This pattern is evaluated at a certain angle (e.g triangulation angle) on
the basis of fluctuations in light intensity. Using the real distance of the pro-
jected stripes, the stripes distance registered from the position of observation

and the triangulation angle the surface shape is reconstructed [54].

2.2 Edge Modeling by Optical Microscope

This section explains the method developed for edge radius measurement
using an optical microscope and presents the experimental results. It should
be noted that all the image processing, filtering and surface approximation
algorithms are created by the author.

The Nikon AZ100 microscope consists of a lens with a very accurate focal
point. Due to the accuracy of the focal point (small depth of field) points on
the object surface which are slightly out of the focal plane will be out of focus
and blurred in the images taken. Contrarily, the points on the focal plane of
the lens will have the maximum sharpness. This helps to extract the points
on the surface which lie on the focal plane of the lens. Since the focal distance
of the camera lens is known, the depth of these points could be determined.
However, the distance of the object surface to the lens is not of interest while

the surface profile or the relative distance between the points on the object

36



Ph.D. Thesis - N. Z. Yussefian McMaster - Mechanical Engineering

surface is what is required.

Specimen surface can be modeled by taking a series of images which are
uniformly z-spaced (0.1-5 um), Fig. 2.1. If the focused pixels on an image could
be identified, the z-position of a pocket of in-focus pixels can be assigned with
respect to the z-position of the image they belong to. This method could be
employed to reconstruct the object surface. As can be seen in Fig. 2.1, at
each z-depth there are a number of focused pixels. Those pixels are the ones
corresponding to the points on the object surface which lie on the focal plane

of the objective lens.

z=4

Figure 2.1: Optical edge measurement technique.

In each image, pixel size (typically in the range of 0.07 to 1 pum/px) is
dependent on the image resolution (e.g. 960 by 1280) and the field of view
(FOV) (e.g. 400 x 600 ym?). Field of view should be wide enough to cover
the cutting edge and some of the flank and rake faces. It can be modified
by changing the objective lens or its magnification. By moving the edge up
(or the lens down) the points of maximum intensity (which are focused) are

moving away from the center of image where the tip of the edge is located,
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Fig. 2.1. This is due to the wedge shape of the cutting edge. The distance
between successive images is known (on the order of 0.1-5 pm), therefore if
the pixels of maximum intensity could be extracted the edge geometry can
be reconstructed by processing a series of equidistant images. The image

processing and edge modeling procedure is explained in the next sections.

2.2.1 Focused Pixel Extraction Algorithm

Each pixel on the image corresponds to a particular point on the object
surface. The XY position of this point can be found by considering the pixel
size and the position of the pixel in the image. Focused pixel extraction al-
gorithm is designed to find the Z-position of this point by analyzing the pixel
intensities of the image series.

For a particular point on the object the Z-position can be found by finding
the image in which the corresponding pixel of that point is focused. Focused
pixels are the ones having the maximum sharpness which means maximum
intensity difference with their neighbouring pixels. Therefore, the intensity
difference of a particular pixel compared to its neighboring pixels is computed
at each image in the entire image series. The image in which this intensity dif-
ference is the maximum is the one in which that pixel has maximum sharpness
and thereby defines the Z-position of the surface point corresponding to that
pixel. Following the same procedure for all the pixels, the algorithm assigns
the XYZ data to all the edge points, generating a point cloud data, as shown
in Fig. 2.2a.
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2.2.2 Filtering, Surface Interpolation and Cross Sec-
tioning

As can be seen in Fig. 2.2a, the surface reconstruction is subjected to noise.
To remove the noise, two types of filters have been designed and employed.

The noisy pixels of the sides of the edge model are not in our interest so a
cut-off filter was first designed to identify and remove these regions. Starting
from the two end sides, columns of data (in Y direction, Fig. 2.1) are examined
for pixel intensity variations. If this intensity gradient per column is less than
the average intensity gradient of the image consisting of all the focused pixels,
that column of data will be removed.

There are also some points on the edge region which do not obey the
continuous nature of the surface and should be filtered out Fig. 2.2a. Another
filter has therefore been designed in MATLAB that works based on surface
continuity and extracts the discontinuous pockets of points. The z-position of
these points is replace with the average z-position of the points surrounding
them generating the filtered point cloud data, Fig. 2.2b.

Once the filtered point cloud data is obtained, it is approximated by a
cubic B-spline surface [55], Fig. 2.2c. B-spline surfaces are the most flexible
form of piecewise polynomial surfaces that will simplify the subsequent 3D
edge processing and edge profile extraction. B-spline surface approximation
algorithms have been employed to approximate a surface through the filtered
point cloud data. In contrast to the surface interpolation where the surface is
bound to pass through all the data points, B-spline approximation is an opti-
mization algorithm that finds a surface which follows the data points with the
minimum least square error [55]. B-spline approximation, therefore, not only

provides the final edge surface model but it is also a filtering method in itself.
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Figure 2.2: Filtering and sectioning the edge model

B-spline edge model provides the edge surface parametric equation C(u, v)
with u and v being the surface parameters in X and Y directions respectively.
Using the B-spline surface properties, edge model can be rotated to be aligned
to Y axis with minimal computations, Fig. 2.2c. Looking at different cross
sections is also as easy as keeping one parameter (v) constant to pick the cross
section location and changing the other, C(u, v=constant), Fig. 2.2d.

Fig. 2.3 depicts the 3D cutting edge model of a half worn cutting edge
reconstructed by assigning the Z-position of the extracted focused pixels of
the image series. Field of view was set to include both worn and unworn parts
of the cutting edge. Cutting edge profiles corresponding to each part of the
edge is illustrated.

The developed method facilitates the modeling of various cutting edge mi-
crogeometries. Having the profile of the cutting edge at different positions

along the edge, enables the edge geometric evaluations of the prepared cutting
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Figure 2.3: 3D cutting edge model of the developed measurement methodology
and two cutting edge profiles

tools. If the edge profile is circular and symmetric, cutting edge radius is com-
puted by circular regression [56] through all the points lying on the cutting
edge, Fig. 2.4. Circular regression finds the circle that best fits a profile. The
radius of such circle is the cutting edge radius. If it is asymmetric, it can be
characterized by a comprehensive methodology for cutting edge characteriza-
tion of various geometries in Chapter 5. If it is a worn edge, tool flank wear
as well as other geometric features of a worn edge like built up edge can be

analyzed.

2.2.3 Advantages of Optical Measurement Method and
Profile Validation

The optical measurement method explained offers a number of advantages

over other conventional measurement methods. The most important feature of

41



Ph.D. Thesis - N. Z. Yussefian McMaster - Mechanical Engineering

-10

Z [um]

Figure 2.4: Circular regression applied on a cross-section of the cutting edge
model

this technique is that it provides high resolution 3D model of the edge, enabling
detailed edge studies, like cutting edge microgeometry, geometric uniformity
along the cutting edge or tool wear. In contrast to the SEM method, it does not
need any sample preparation. Edge orientation will not affect the measurement
results. This is in contrast to SEM, profilometer and AFM methods. Even with
white light interferometer, edge orientation has an unfavourable effect on fringe
constitution. There are also microscopes with Z-resolutions as low as 10 nm
facilitating finer edge measurements. The method can be used to investigate
curvilinear edges and nose sections of a cutting edge with no limitation. It
should only be noted that, uniform lighting is crucial for measurement by this
method.

The uncertainty of the measurement method was computed against poten-
tial sources of uncertainty including lighting intensity, lighting angle, field of
view, image taking gain, lens exposure and finally the image z-distance. A

symmetrically honed cutting edge with a nominal edge radius of 50 um was
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measured repeatedly while varying these measurement parameters. Edge ra-
dius variation was computed to be less than 3 % (1.5 pum) which designates

the high repeatability of the proposed approach.

(a) (b)
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Figure 2.5: Verification of the developed measurement technique by other
conventional methods

In addition, in order to verify the validity of optical measurement technique
profiles of several commercial cutting edges were measured by optical micro-
scope, profilometer and a white light interferometer. To ensure the measure-
ment of a particular profile the middle part of the cutting edge was measured
by all methods. Fig. 2.5a shows a profile of a symmetrically honed insert with
a nominal edge radius of 60 pum. There was only a maximum of 5% difference
in edge radius value measured by optical method compared to those of form
tracer and WLI.

For further verification a carbide insert was first modeled using the optical
technique presented. Later the same edge was sectioned by EDM and carefully
mounted with sacrificial pieces and edge retention powders in an epoxy resin to
preserve the edge shape during the grinding and polishing process. The surface
of the sample was later gold coated to provide the required conductivity for

an SEM imaging. The maximum deviation of the asymmetric profiles shown
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in Fig. 2.5b was measured to be less than 2 um.

The comparison of the profiles acquired by the methodology explained in
this chapter with the profiles obtained with other measurement techniques ver-
ifies the accuracy of the developed edge modeling technique. The presented
methodology is therefore used in this thesis for cutting edge geometric evalu-

ations.
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Chapter 3

Electro-erosion edge honing of

cutting tools

This chapter is a copy of a paper published in CIRP Journal of Manufac-
turing Technology. It presents the key idea of the developed edge preparation
technique. In this part of the research electro erosion edge honing is applied to
symmetrically honed high speed steel (HSS) cutting tools. HSS is a steel alloy,
rendering it the easiest tool material to be processed by EDM as compared to
cemented carbide, CBN or PCD tool materials, all being metal matrix compos-
ites. Honing process is also applied to the simplest cutting tool macrogeometry
at this stage of process implementation as cutting tools are straight edge SNE
inserts with zero clearance angle. The electro-erosion edge honing process is
shown to successfully create consistent edge geometry along a single cutting
edge as well as between inserts. The life of the honed inserts is enhanced 400%

compared to unprepared sharp ground tools.

Authors: N.Z. Yussefian, P. Koshy, S. Buchholz, F. Klocke
CIRP Annals — Manufacturing Technology 59, (2010), 215 - 218

45



Ph.D. Thesis - N. Z. Yussefian McMaster - Mechanical Engineering

Abstract

Sink EDM of fine features necessitates the application of several tool elec-
trodes to sequentially generate the required geometry, due to the inevitable
localized wear of the tool that rapidly rounds-off sharp edges. Be that as
it may, this phenomenon can be exploited to hone sharp edges of electri-
cally conducting cutting tools by sinking the cutting edge into an appropriate
counterface material. This paper presents the proof-of-concept and operating
characteristics of this innovative process. Robust edge geometry generation,
and a significant improvement in the life of high speed steel tools consequent

to such preparation of the cutting edge are demonstrated.

3.1 Introduction

Edge finishing is of critical importance in the function and performance of
many engineering components: cutting tools in particular. Depending on the
application, the edges of tools used in machining operations typically involve a
chamfer and/or a hone, on the order of several pm. The meso-geometry of the
cutting edge has a profound influence on the mechanics of chip formation, with
important implications on the integrity of the generated surface. The primary
motivations for edge preparation are however to enhance the edge strength
towards precluding the incidence of catastrophic tool failure, to improve tool
life and coatability, and to ensure consistent tool performance.

Bouzakis et al. [1] showed that an increase in the edge radius of coated
cemented carbide inserts from 8 to 35 pm decreased the maximum mechanical
stress in the cutting edge, in a milling application. This was found to translate

favourably into a delayed onset of coating fracture and a four-fold enhancement
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in tool life. Similar results were obtained by Rech et al. [2] in dry gear
hobbing when using coated high speed steel (HSS) tools. Their work further
indicated the existence of an optimum edge radius value that corresponds to
the maximum tool life. Klocke and Kratz [3] demonstrated that it is feasible
to forestall catastrophic failure of polycrystalline cubic boron nitride tools in
hard turning applications, by a systematic variation of the edge geometry
along the cutting edge profile. Karpuschewski et al. [4] recently reported that
honing the cutting edges of HSS twist drills diminished the occurrence of edge
chipping by a factor of three, while enhancing drill life by about 100%.

As attested to above, the significance of edge preparation in the perfor-
mance of cutting tools in reference to diverse tool materials and machining
processes cannot indeed be overemphasized. Accordingly, several edge prepa-
ration technologies have been developed [5], the most common of which are
brush honing and micro-blasting. Brush honing involves material removal us-
ing a tool with synthetic bristles impregnated with abrasive grits, wherein the
hone geometry is controlled essentially by the level of engagement of the cut-
ting edge with the brush and the processing time. Micro-blasting entails the
erosive effect of fine abrasive particles entrained in a pressurized air stream;
alternatively, a viscous or granular media may be involved.

An issue with the aforementioned processes is the significant inherent vari-
ability [6] in the geometry of the generated hone, not just between cutting
edges but also along the same edge. Further to problems with process con-
trol, mechanical edge preparation methods are somewhat limited in terms of
their application to tool materials such as polycrystalline diamond on account
of their extreme hardness. In this context, the research detailed in this pa-
per presents the proof-of-principle of the novel application of electrical spark

discharges for precision, non-contact edge preparation of cutting tools.
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3.2 Process concept

It is a well-known issue in sink electrical discharge machining (EDM) that
machining of intricate geometries with sharp features requires the application
of several electrodes to successively confer the required geometry, due to de-
terioration of the tool shape, which generally manifests as rounding of sharp
edges [7]. Be as it may a problem in EDM, this phenomenon can be exploited
to generate controlled edge radii on cutting tools, by sinking the sharp cutting
edge into an appropriate counterface material. This concept represents an
innovative perspective that expands the application envelope and capability
of EDM in the area of cutting tool manufacture. In light of the variability
inherent to conventional edge finishing technologies, the general high level of
precision associated with EDM processes would be advantageous in terms of
generating consistent hone geometry, as demonstrated later. Furthermore, as
the mechanism of material removal is melting and vaporization as opposed to
abrasion, material removal is not influenced or limited by the hardness of the
tool material; it just needs to possess the requisite electrical conductivity.

Systematic research into tool shape evolution in EDM was conducted by
Crookall and Fereday [8] who invoked the concept of relative duty to elucidate
the phenomenon of rapid shape degeneration of sharp corners. This notion
considers that the macroscopic relative erosion rate observed between the tool
and the work holds also at the micro-scale, across the spark gap. This implies
that regions with a curvature in an electrode would entail a greater rate of
recession, in comparison to linear segments. In addition to the geometric
effect above, the accumulation of heat in the edge would further accentuate the
effect of relative duty, especially in micro-EDM applications, when employing

materials with poor thermal properties [9].
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counterface

Figure 3.1: Schematic representation of electro-erosion edge honing.

Fig. 3.1 shows the schematic of an edge that was sharp (with a radius
approaching zero) at the outset being sunk into an initially flat (referring to an
infinite radius) counterface. This geometry corresponds to an extreme relative
duty, and the sharp edge would hence degenerate virtually instantaneously;
thereafter, the increase in curvature would progress at a rate consistent with
the disparity in the relative duty between the electrodes. For unit thickness
into the plane of Fig. 3.1, for the included angle g = 90°, the volume of
material V; that has to be removed from the tool in order to generate a hone

of radius 73 can be calculated as:

Vi= Tﬁ2(1 - %) (3.1)

For a given material removal rate, a higher included angle corresponds to
a lower machining time to attain the same edge radius [8]. Neglecting the
roughness of the surface, for nominal in-feed of the tool into the counterface,
the volume V. of material that is to be removed from the counterface to gener-
ate a honed edge of radius r3 is determined by the working gap width s, such

that a radius (rz + s) is generated on the counterface, and is given by:

Vo= (s 5P~ 3) (3.2)

When using sink EDM to generate edge hones, there are several possibilities

in terms of kinematic motions between the tool edge and the counterface. For
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instance, asymmetric hones (e.g. waterfall hones) can be generated by tilting
the edge relative to the feed axis in the plane of Fig. 3.1. The edge can be
inclined also along the cutting edge (into the plane of Fig. 3.1) to induce a
variation in edge radius, appropriate for machining applications wherein the

uncut chip thickness varies along the cutting edge.

3.3 Experimental

As a first work, the kinematic employed in the present work refers to sym-
metric sinking of the tool edge on to a flat counterface as shown in Fig. 3.1.
The objectives of the experimental work were to: (i) prove the concept of
using electrical spark discharges for honing the edges of cutting inserts, (ii)
investigate the shape evolution of the cutting edge geometry with reference to
counterface material, machining time and pulse parameters, (iii) assess the ef-
fectiveness of edge hones generated using spark discharges by conducting tool
life tests, and (iv) quantify the variability in edge geometry both along and
between edges.

An important component of this work was the measurement of the cut-
ting edge radius, which was accomplished using a confocal microscope. Cubic
non-uniform rational B-spline (NURBS) surface models were fit to the point
cloud data obtained using the confocal microscope, with 30x30 control points,
chord length parameterization and knot vector. This measurement technique
was verified by a tactile form tracer and a white light interferometer. The
uncertainty in edge radius measurement was estimated to be less than 1 pm.

Experiments primarily involved finish-ground, uncoated AISI T-15 grade
HSS inserts of specification SNEA 320 (included angle 5 = 90°, edge length 10

mm) with sharp edges; limited results relate to C-2 grade uncoated cemented
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carbide. Edges were electro-erosion honed using a solid state power supply, in
an oil-based dielectric fluid, with no external flushing, at constant servo sensi-
tivity. The baseline process parameters were: positive polarity on aluminum
counterface, open circuit voltage U, = 100 V, working voltage U = 80 V, on-
time t; = 0.6 us, duty factor 7 = 0.5, peak current i, = 1.8 A, and machining
time = 80 s, unless stated otherwise. These parameters were selected on the
basis of extensive preliminary experiments, for the electro-erosion honing cycle
time to be comparable to conventional processes, when employing conserva-
tive pulse parameters that relate to the micro-EDM regime, in the interest of

maintaining the integrity of the functional surface generated.

3.4 Results and discussion

Figs. 3.2a and 2b show NURBS representations of HSS cutting edges along
with aluminum and copper counterfaces, respectively, with the gap between
them expanded for clarity. The corresponding wear ratios v (ratio of the vol-
umetric material removal from the cutting edge to that from the counterface)
were calculated to be 0.5 and 7.5. While the edge prepared using the alu-
minium counterface is rounded (machining time 120 s, edge radius 40 pum),
use of a copper counterface results in an edge that entails a flat land. The
figure highlights the critical influence of the counterface material and hence
the wear ratio on the meso-geometry generated on the cutting edge, and the
flexibility the process offers in terms of generating both hones and chamfers.

When a sharp edge is sunk into a counterface, for uniform debris distri-
bution in gap space, successive spark discharges can be considered to occur

at locations that relate to the closest distance between them, which results in
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Figure 3.2: Effect of counterface material on edge geometry: (a) aluminum,
(b) copper.

the shifting of the discharge location in the working gap. For a tool and coun-
terface shown in Fig. 3.1, the generation of the rounded edge geometry can
be visualised as the outcome of the intrinsic radial movement of the discharge
location in the annular working gap of width s, about the center of the arc
generated in the tool. It is interesting to note that such radial excursion of
the discharge location obviates the need for any elaborate relative kinematics
between the tool and the counterface to generate the rounded edge.

To realise such a radial movement of the discharge location, it is essential
that a minimum volume of material, as determined by the instantaneous edge
radius 75 and gap width s is removed from the counterface, which does corre-
spond to a threshold wear ratio. For limited in-feed of the cutting edge into
the counterface as portrayed in Fig. 3.1, an approximate limiting wear ratio

can be calculated by way of eqns. 3.1 and 3.2. For wear ratios higher than the
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limiting value, a chamfer rather than a hone will be generated. For parameters
corresponding to Fig. 3.2a (rg = 40 pm, s = 15 pm) the limiting wear ratio as
given by eqns. 3.1 and 3.2 works out to 0.4, which explains the generation of
the chamfer rather than a hone when a copper counterface (wear ratio of 7.5)
is used (Fig. 3.2b). Lower wear ratios, on the other hand, lead to significant
in-feed of the cutting edge into the counterface.

In addition to the simple model above, a numerical geometric simulation
[10] was accomplished in the present work to understand shape generation
in the spark erosion edge preparation process, by systematically varying the
wear ratio over a wide range. Typical simulated tool edge profiles for different
wear ratios are shown in Fig. 3.3, for a gap width of 15 um. The shape of
the simulated profiles clearly indicates the progressive graduation of the edge
shape from a hone to a chamfer, with an increase in the wear ratio. The profiles
shown for wear ratios of 0.5 and 7.5 can further be seen to concur qualitatively
with the shape of the profiles shown in Figs. 3.2a and 2b, respectively, which
refer to these ratios experimentally. Results presented henceforth refer to the

application of an aluminum counterface.

wear ratio = 0.1—\

Figure 3.3: Simulated effect of wear ratio on edge geometry.

Figs. 3.4a and 4c are scanning electron micrographs of unprepared (ground)
and electro-erosion honed HSS cutting edges. A topography that is character-
istic of EDM surfaces can be seen along the cutting edge in Fig. 3.4c. Figs. 3.4b

and 4d refer to cemented carbide edges; the honed surface on the carbide edge
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Figure 3.4: Micrographs of: (a) HSS and (b) cemented carbide ground (sharp)
edges; (c)and (d) are the corresponding electro-erosion honed edges.

can be seen to be smoother, in comparison to the corresponding HSS edge.
Micro-chipping along the cutting edge was present in both unprepared HSS
and carbide inserts. It can be observed that while the hone is localized along
the edge in the case of the HSS insert (Fig. 3.4c), the EDM surface extends
appreciably further into the rake and clearance faces in the case of the carbide
insert (Fig. 3.4d). This is due to the very low wear ratio (~ 0.01) pertain-
ing, which results in substantial in-feed of the carbide edge into the aluminum
counterface. It may be noted that the extraneous material removal on the
lateral faces of the tool due to the incursion of the spark discharges away from
the tool edge can be observed also on the simulated edge profiles in Fig. 3.3,
for the relatively low wear ratio of 0.1.

Fig. 3.5 shows primary traces of typical HSS cutting edges obtained using
a profilometer with a stylus of tip radius 5 pum, at various machining times
to indicate the evolution of the edge geometry. Micro-chipping seen on the
unprepared edge sustained from the preceding grinding operation essentially

limits the minimum edge radius that can be generated at this section of the
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Figure 3.5: Profilometer traces of HSS edges showing their evolution.

edge. The geometry of honed edges was found to be best approximated as
circular arcs [8], the radii of which were estimated by circular regression. The
figure shows the fit circle for one of the profiles; the maximum absolute radial
deviation of the actual shape with respect to the corresponding fit circles for
the profiles shown was less than 5% of the edge radius. It is evident from the
figure that the rate of increase in the edge radius diminishes with time, which
is consistent with the progressive reduction in relative duty. It is instructive to
note that the cycle times for electro-erosion honing are comparable to conven-
tional edge preparation processes, and that the relatively low material removal
rate of sink EDM is largely inconsequential in this process, as the volume of
material that is to be removed from the ground edge to generate the hone is
minimal.

The mechanisms of material removal and energy transfer in micro-EDM
(pulse energy < 100uJ) are currently not well understood [9]. As indicated
before, the pulse energy in the present work ( 85 pJ) was determined in con-
sideration of the removal rate and the surface integrity. Experiments with
tool positive polarity related to a higher rate of hone radius generation, in line
with the favorable energy distribution at the anode; however, this resulted in
significant edge hone variability along the cutting edge, and hence a tool neg-

ative polarity was adopted. The effect of working voltage and flushing were
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Figure 3.6: Effect of gap voltage and flushing on edge radius.

investigated (Fig. 3.6) at an open circuit voltage of 150 V. The optimum work-
ing voltage is a consequence of the reduction in the actual pulse energy due
to an increase in the ignition time delay associated with larger gap widths at
higher gap voltages. External jet flushing somewhat reduced the radius values
conceivably due to induced discharge instability.

The efficacy of electro-erosion honed HSS edges was evaluated in terms of
tool life when cutting annealed AISI 1045 steel, which was assessed using a
variable speed test [11] in a facing operation (0.15 mm feed, 0.5 mm depth
of cut), for a tool life criterion of 300 pm maximum flank wear. Fig. 3.7
shows the Taylor’s tool life plots, which exemplifies a manifold enhancement
in tool life, which is on an order similar to that realized elsewhere [1-4], through
conventional edge honing processes. It is intriguing that the rather low volume
of material removal involved in electro-erosion honing allows for the use of
conservative spark energy levels, with no adverse affect on the cycle time. The
tool life results affirm the observation in [12] that finish-EDM processes can

be engaged to generate critical tooling surfaces with no functional detriment.
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Figure 3.7: Effect of edge preparation on tool life.

As alluded to previously, an issue with conventional edge honing technolo-
gies is the variability in the edge geometry. Schimmel et al. [6] characterized
the edge geometry of commercially procured inserts and reported that the
measured radii deviated from the specified nominal value by as much as 43%,
along the same cutting edge as well as between inserts. In fact, such significant
variability is indicative of the reason that most manufacturers specify hones
in rather wide ranges of radius values. In order to characterize the variability
in electro-erosion honing, 140 edge radius measurements were taken along a
single HSS edge over a length of 10 mm, which indicated the mean and stan-
dard deviation to be 32.1 ym and just 1.6 pum, respectively. It should be noted
that the parallelism of the tool edge with respect to the counterface (into the
plane of Fig. 3.1) is critical in terms of the edge radius repeatability along the
edge. The variability between edges was also assessed, the results of which
are presented in Fig. 3.8 as a standard Box plot (box and whisker refer to the
25/75 and 1/99 percentiles, respectively), which substantiates the relatively
good repeatability of the electro-erosion edge honing process, which is to be

expected of controlled EDM processes.
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Figure 3.8: Box plot showing edge radius variability between edges.
3.5 Conclusions

The proof-of-concept of the novel process of using electrical spark dis-
charges for the edge preparation of cutting tools in generating both hones
as well as chamfers has been established. The counterface material (and hence
the wear ratio) has been identified to be critical in terms of the edge geometry.
Edge hones generated using electrical discharges have been shown to corre-
spond to a manifold increase in tool life, in comparison to ground edges. The
variability in the geometry of edges generated has been found to be minimal,
when compared to values reported for conventionally prepared edges, for both
along a single cutting edge as well as between edges. Further work will focus on
electro-erosion honing of composite tool materials, particularly polycrystalline

diamond that has an electrically non-conducting phase.
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Chapter 4

Application of foil electrodes for
electro-erosion edge honing of

complex-shaped carbide inserts

This chapter is a reproduction of a paper published in the Journal of Mate-
rials Processing Technology. Electro-erosion edge honing process was applied
to straight edge HSS inserts in the previous chapter. In this chapter the appli-
cation envelope of electro-erosion edge honing is expanded to prepare carbide
cutting tools being the most common cutting tool material. EE-honing is also
modified to be able to prepare complex geometry tools by using the idea of

foil counterfaces.
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Abstract

Electro-erosion honing is a novel process that exploits the undesirable but
inevitable phenomenon of localized electrode wear in sink electrical discharge
machining that rapidly rounds off sharp edges, for the edge honing of cutting
tools. The process essentially entails the sinking of a sharp edge of a cutting
tool into a counterface of an appropriate material to generate the round edge
geometry. This paper proposes the innovative application of a foil counter-
face, with a view to expanding the capability of this process in the honing of
tools with such geometric features as nose radii and curved edges. Such a con-
figuration involves no particular alignment requirements, and facilitates the
simultaneous processing of a batch of inserts. In consideration of their indus-
trial significance, the process is evaluated in the honing of cemented carbide
inserts. The novel process is demonstrated to address the limitation of the
conventional brush honing process in being capable of generating consistent

edge geometry, while delivering comparable tool life.

4.1 Introduction

The critical importance of the cutting edge in machining can be appreci-
ated by considering the fact that all components that comprise the machining
system, however sophisticated they may be, would be rendered entirely inef-
fective, should the cutting edge cease to perform as intended. With a view to
ensuring consistent tool performance, cutting edges are commonly prepared
to correspond to an approximately round shape, of a radius of several tens

of micrometers. In addition to this process enhancing edge strength towards
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precluding catastrophic tool failure, extending tool life and improving coata-
bility, it exerts a considerable influence on the mechanics of chip formation,
with consequent implications on the integrity of the generated surface. Ac-
cordingly, techniques for the characterization as well as the preparation of the
cutting edge are assuming great importance of late, especially in the machining
of high-value components.

Brush honing and micro-blasting are two common techniques that are cur-
rently used for edge honing. The former relies on the abrasive action of fine
grits dispersed in a brush, and the latter the erosive effect of grits transported
in a pressurized air stream. The major issue with these techniques is the signif-
icant variability in the geometry of the generated edge (Denkena et al., 2010),
which is manifest not just between inserts, but also along the edges of the same
insert. For instance, the edge radius variability could be as high as 40% along
the same edge (Endres and Kountanya, 2002) and up to 35% off the nominal
value (Schimmel et al., 2000) which is the reason that manufacturers find it
expedient to specify edge hones in classes that span a rather wide range of
radius values. Recent work by Bassett et al. (2012) documented the transient
nature of the brush honing process arising from the condition of the filaments
in the brush. In their work, brush honing of 80 inserts to a target edge radius
of 3045 um in the stable region corresponded to a standard deviation of 12%;
however, only about 75% of the honed inserts were found to be within the
specified limits, which underscored the need for appropriately adapting and
optimizing the process.

Machining performance measures such as tool life and residual stresses in
the machined surface exhibit optimal values with respect to edge radius, and
hence a high variability in edge geometry is not acceptable, in the interest

of securing a robust process output. Furthermore, tool performance can be
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enhanced by a systematic variation in the edge geometry along the edge in
applications such as hard cutting (Klocke and Kratz, 2005), and hence a capa-
bility for controlled fabrication of precise edge hones is desirable. In addition
to the process control aspect above, conventional edge preparation techniques
are also limited when preparing tools fabricated from materials of an extreme
hardness such as polycrystalline diamond. These issues have led to the con-
ception of alternative approaches to edge preparation, a brief review of which
follows.

In consideration of the acute edge geometry variability inherent to conven-
tional brush honing, Denkena et al. (2008) proposed the application of 5-axes
brush honing technology for fabricating tailored tools of a controlled geometry
along the edge. Karpuscheski et al. (2009) demonstrated a magneto-abrasive
method that is reportedly capable of robust edge honing. The process was
shown to enhance the stability of the cutting edges of high speed steel drills,
which translated into improved wear behavior that yielded a two-fold increase
in drill life. Aurich et al. (2011) recently reported on the use of a low-cost
marking laser for the edge honing of cemented carbide inserts. In this process,
layers of tool material in the cutting edge are sequentially ablated over several
passes to fabricate hones of a specified radius. This method was shown to
enhance tool life by more than 50% as compared to ground tools with sharp
edges.

Yussefian et al. (2010) presented the proof-of-concept of a novel process
called electro-erosion edge honing that employs electrical discharge machining
(EDM) for the edge preparation of electrically conducting tools. The process
was demonstrated to be capable of enhancing the life of high speed steel tools
by as much as 4 times as that of ground edges, and of generating edges with less

than 10% variability, which is minimal compared to conventional processes.
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The present paper builds on the concept above, and proposes the innovative
application of foil electrodes as a means of expanding the application envelope
of electro-erosion edge honing towards the preparation of tools with a complex
macro-geometry, such as those with nose radii and curved edges. In light of
their industrial relevance, the process is evaluated in the honing of cemented
carbide inserts, with reference to the variability in edge geometry, surface
quality, tool life and processing time. The essential features of the electro-
erosion edge honing process are presented in the next section, so as to lead

into presenting the new developments.

4.2 Electro-erosion edge honing process

The electro-erosion edge honing process exploits the well-known issue of
inevitable localized electrode wear in sink EDM (Crookall and Fereday, 1973)
that rapidly and selectively rounds-off sharp edges (Fig. 4.1). The process rep-
resents an innovative approach in the extension of sink EDM into the domain
of tool manufacture, noting that the limitations inherent to EDM are of little
consequence in this case.

Firstly, the relatively low material removal rate of EDM is not of any detri-
ment, as the volume of material that is to be removed to generate the edge hone
is very minimal. The time required for the preparation of an edge is accord-
ingly on the order of just several seconds, which is comparable to conventional
processes. The low removal volume further allows for very conservative EDM
parameters, which ensures that the integrity of the generated edge that is
critical to its performance is not compromised. The excellent repeatability of

controlled EDM processes is indeed an advantage in the generation of precise

65



Ph.D. Thesis - N. Z. Yussefian McMaster - Mechanical Engineering

/EDM tool

\ll |too| wear in EDI\>
N iyt \/
sharp edges rounded edges

| Possibility of honing cutting edges using sink EDM I

sharp edge
Lo | edge honing > @ge
\I

Figure 4.1: Principle of electro-erosion edge honing.

edge hones, which as indicated previously, is currently an issue with conven-
tional edge preparation processes. Lastly, as EDM is a thermal process, it
is not limited by the hardness of the tool material, which would enable the
processing of even ultra-hard materials like polycrystalline diamond, provided
the binder is metallic to render the composite to be of the requisite electrical

conductivity.

4.2.1 Application of a foil counterface

The implementation of electro-erosion honing in its simplest form (Yusse-
fian et al., 2010) entails the symmetric sinking of the cutting edge into a flat
and thick counterface (Fig. 4.2a) under servo control in the presence of a di-

electric fluid, so as to induce wear at the edge to generate a rounded shape.
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Figure 4.2: Kinematic configurations of electro-erosion edge honing.

A variant of this kinematic involves the rotation of the edge about the X-
axis (Fig. 4.2b) that corresponds to the generation of a variable edge radius
along its length. Similarly, a rotation of the edge about the Z-axis (Fig. 4.2¢)
would result in an asymmetric hone, such as a waterfall hone. In spite of these
prospects, alignment of the tool about the said axes is crucial, if the objective
is to generate a symmetric hone that is uniform along the edge.

Furthermore, while the configuration shown in Fig. 4.2a is adequate for the
preparation of inserts of a simple geometry such as SNEA-type with straight
edges and a flat rake face, it is limited in the preparation of complex-shaped
ones such as CCMT-type (Fig. 4.3), the geometry of which involves such fea-
tures as a pronounced tool nose and curved cutting edges. When inserts such
as of the latter type are sunk into the counterface, geometric variations along

the profile of the cutting edge would manifest systematic trends in the edge
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Figure 4.3: Example of a tool insert with a complex geometry.

radius (Fig. 4.4a), consistent with the differences in the processing time associ-
ated with individual segments that comprise the edge. One approach to solving
this issue is to conceive a counterface of a shape that is complementary to the
geometry of the edge profile; however, this is not an ideal solution, considering
the additional effort associated with fabricating the counterface specific to the
particular insert at hand, and having to precisely align it relative to the insert

prior to the honing process.
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Figure 4.4: A comparison of the application of thick and foil counterfaces.

foil counterface
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To this end, this paper presents a simple and elegant solution that employs
a foil electrode as the counterface. In this case, the tool is sunk into and
through the foil counterface under servo control (Fig. 4.4b), such that thermal
erosion of the material from the tool leading to the generation of the hone is
limited by the thickness of the foil. This ensures a uniform hone radius along
the edge irrespective of the geometry of the tool profile. As the edge radius is
controlled by the machining time, for a set of specified pulse parameters, edge
hones of different radii can be generated by simply varying the thickness of
the foil. Such a configuration further obviates the need for any alignment of
the tool with respect to the counterface, and enables the simultaneous prepa-
ration of a batch of inserts, both of which are of much significance in insert

manufacture.

4.2.2 Choice of counterface material, polarity and pulse

parameters

In the electro-erosion edge honing process, the wear ratio v that refers
to the relative volume of material removed from the tool to that from the
counterface, controls the meso-geometry of the edge in terms of it being a
hone or a chamfer (Yussefian et al., 2010). An intriguing aspect of this process
is that the rounded shape is generated by the radial excursion of the electrical
discharges in the machining gap, which obviates the need for any elaborate
relative motion between the tool and the counterface. The threshold wear
ratio v; that corresponds to the generation of a circular edge can be obtained
by considering a section of the tool and the counterface in the XY-plane in

Fig. 4.2, as shown in Fig. 4.5. For an unit thickness of the tool, the volume of
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Figure 4.5: Concept and calculation of threshold wear ratio.

material removed from the tool V; is given by:

o0 w

where r3 is the edge radius and 3 is the wedge angle of the tool. Similarly,

the volume of material removed from the counterface is calculated as:

V, = (rg+s)° KW 5 B) — sin (g) cos <§)} (4.2)

where s is the inter-electrode gap width. The equations above enable the

threshold wear ratio 14 to be calculated as (V;/V.). For typical values of edge
radius and gap width on the order of 40 yum and 15 pm, respectively, this
simple geometric model specifies the target wear ratio that corresponds to a
rounded edge to be around 0.4 (Fig. 4.6).

Measurement of wear ratios referring to several counterface materials un-
der both polarities indicated a negatively polarized aluminum counterface to
correspond to a wear ratio of 0.4 when machining cemented carbide. The
sectional as well as three-dimensional views of an edge generated experimen-
tally under this combination does indeed correspond to a well-rounded edge,
as shown in Fig. 4.7a. Relative to this ideal case, Figs. 4.7b—7d depict the

effect of the counterface material and the polarity in terms of the wear ratio
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Figure 4.6: Threshold wear ratio for a wedge angle of 90°.

and the corresponding edge geometries. When using an aluminum counterface
in positive polarity, the wear ratio reduces by an order of magnitude to 0.04,
which refers to inadequate edge honing (Fig. 4.7b), on account of not enough
material being removed off the tool.

Wear ratios much higher than the threshold value, on the other hand, result
in the generation of a chamfer rather than a hone, as the discharges tend to
traverse a linear rather than a radial path in the machining gap. This is
precisely what was observed when using a copper counterface under negative
polarity (Fig. 4.7¢), for which the wear ratio was measured to be 5.0. Wear
ratios smaller than the threshold refer to excessive in-feed of the tool into the
counterface, which brings about an undesired incurrence of material removal
on the rake and clearance faces, as opposed to localized removal just at the
cutting edge. This situation was observed when using a copper counterface
under positive polarity (Fig. 4.7d), which corresponded to a wear ratio of 0.15.

A comparison of the four cases above clearly signifies the critical importance
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Figure 4.7: Effect of counterface material and polarity on edge geometry.

of the right combination of counterface material and polarity; a negatively

polarized aluminum counterface that generates the desired honed was hence

used in this work.

An appropriate selection of pulse parameters for the electro-erosion honing

of cemented carbide tools needs to entail due consideration of the potential

deleterious thermal effects (Jahan et al., 2011) on the performance of the

generated surface, while maintaining the processing times to be comparable

with those of conventional techniques. Previous work by Juhr et al. (2004) on
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spark erosion of cemented carbides has identified the pulse on-time to be the
dominant parameter that controls surface damage, with the recommendation
that it be less than 0.5 us for minimal strength degradation. Furthermore,
the transverse rupture strength of cemented carbide machined by EDM has
been reported (Lin et al., 2008) to exhibit a decreasing trend with respect to
pulse current. A pulse on-time ¢; of 0.4 us and a pulse current i, of 1.2 A,
which happened to be the lowest possible values on the machine tool available
in our laboratory, were hence used in the present work. The corresponding
processing time will be shown later to be on the same order as that of the
brush honing process.

As the boiling point of cobalt and the melting point of tungsten carbide are
virtually the same, during EDM of tungsten carbide composite cemented by
cobalt, tungsten carbide grains tend to get physically dislodged as individual
units, once the cobalt binder around it is selectively removed. The implication
of this occurrence is that the gap voltage (which controls the gap width) and
the pulse off-time ought to be high enough to facilitate effective evacuation
of the carbide grains off the machining gap, but for which the stability of
the process will be affected adversely. Experiments conducted to investigate
the effect of the average gap voltage on wear ratio revealed a rather weak
sensitivity relative to the effects of counterface material and polarity, further
indicating that the desired wear ratio of 0.4 referred to an average gap voltage
of 50 V (Fig. 4.8). The process was further observed to be the most stable
when the gap voltage was set at 50 V. A pulse off-time ¢, of 1.12 us (that refers
to a duty factor of ~35%) and a gap voltage of 50 V were hence selected, in
consideration of the fact that higher values would affect the processing time

and the surface integrity, respectively.
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Figure 4.8: Effect of gap voltage on wear ratio (t,, 0.4 ps, i 1.2 A).

In terms of process design, the counterface material and polarity are chosen
with reference to the wear ratio that corresponds to the desired edge geometry,
and the pulse energy is limited in the interests of maintaining an appropriate
surface integrity. Determination of the gap voltage and pulse off-time involve
due consideration of process stability and processing time, and the edge radius

is controlled by the thickness of the foil counterface.

4.3 Experimental

The objectives of the experimental work were two-fold: (i) to evaluate
the capability of the electro-erosion honing process using a foil counterface
in generating consistent edge geometry along nose radii and curved edges,
and (ii) to quantify the tool life of cemented carbide inserts honed using this
process, with a view to comparing them against those of brush-honed inserts
of a similar edge radius. To this end, experiments involved uncoated pressed
and sintered carbide inserts of CCMT geometry (see Fig. 4.3) and uncoated
ground inserts of SNEA geometry, respectively.
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Figure 4.9: Experimental configuration for electro-erosion honing.

Experiments were conducted on a ram type EDM machine tool, in an oil-
based dielectric under conditions of no external flushing, at a constant servo
gain. Aluminum foil counterfaces of thickness ranging from 25-100 um were
used to generate edges with edge radius values in the range of about 30—
50 pm. A photograph and a schematic of the experimental set-up are shown
in Fig. 4.9a and 4.9b, respectively. The foil counterface was held taut using
magnets to counteract their inherent compliance. An imprint from the edge
honing operation can be seen on the counterface in Fig. 4.9a. The baseline ma-
chining parameters corresponded to values presented in the previous section as
per the rationale indicated therein. To place the effect of the pulse parameters
in perspective, experiments referring to a higher pulse on-time and gap volt-
age were also conducted. Some prepared edges were sectioned and polished
to examine the geometry and integrity of the edge, and some were subject to
accelerated tool life tests using a scheme outlined by Armarego and Brown

(1969).
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4.4 Results and Discussion

4.4.1 Edge geometry

Fig. 4.10a shows a micrograph of an electro-erosion honed edge of a pressed
and sintered CCMT insert shown in Fig. 4.3. The excellent edge quality along
the curved profile as seen in the inset in Fig. 4.10b is physical evidence to
the efficacy of a foil electrode in being able to uniformly hone curved edges.
Fig. 4.10c presents a comparison of the quality of the cutting edge between
the honed and the unprepared sections of the edge. The segment of the edge
left intentionally unprepared can be seen to sustain edge chipping as well as
residual flash from the insert compaction process prior to sintering, at the
location where the honing is terminated. Examination of the honed segment
indicates electro-erosion honing to have effectively purged such detrimental
features from the edge, which is a mechanism by which the honing process

enhances both tool performance and reliability.

flank face

(b) 0.25 mm

(c) 0.25 mm

Figure 4.10: (a) Electro-erosion honed edge of CCMT insert, (b) honing quality
along a curved edge, and (c) edge chipping and flash on the unprepared edge
(white arrows indicate the honed segment).
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Various geometric parameters have of late been proposed for the charac-
terization of cutting edges (Wyen et al., 2012); in the present work, edge
geometry was however quantified in terms of the edge radius considering that
the honed edges were symmetric. Cutting edge measurements were conducted
by processing the image data acquired using an optical microscope equipped
with an automated stage to acquire a series of uniformly spaced images in the
vertical direction. For the 30-50 pum range of edge radius values encountered
in the present work, the field of view of the microscope was kept constant to
be 450x600 pm? which corresponded to a XY (horizontal plane) resolution of
0.47 pm. The Z (vertical) resolution of the automatic stage was set to 1 pm.
A B-spline surface was approximated through the point cloud data obtained
using the microscope to reconstruct the cutting edge. This surface was then
sectioned at 20 equally-spaced positions along the edge length of 450 pum to
characterize the cutting edge using the cutting edge radius parameter r3 com-
puted using circular regression. The uncertainty of this optical measurement
method was investigated in consideration of variables such as the field of view,
Z step height and lighting intensity. For a symmetrical cutting edge with an
edge radius of 50 pum, this exercise indicated the measurement uncertainty to
be 1.5 pm.

With a view to validating the optical measurement technique, Fig. 4.11a
illustrates a comparison of symmetric edge profiles obtained using the optical
microscope, white light interferometer (WLI) and form tracer, for an edge with
a nominal edge radius 7g of 60 ym. The maximum deviation between the edge
radius values measured using these devices was found to be 5%. Fig. 4.11b
compares the profiles of a sharper asymmetric edge obtained using the optical
microscope with that from subsequent physical sectioning and polishing of the

edge at the same location. In this instance, the maximum deviation between
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Figure 4.11: (a) Comparison of cutting edge profiles obtained by optical micro-
scope, white light interferometer (WLI) and form tracer; (b) overlay of profile
(broken white line) obtained using the microscope on a micrograph showing
the section of the edge.

the two profiles was measured to be 2 um.

Fig. 4.12a displays the distribution of the edge radius measured using the
said optical technique among 5 inserts that were chosen randomly, in the form
of a Box plot. By convention, the boxes refer to the 25/75 percentile and the
whiskers to the range. Each box contains 60 measurements along the cutting
edge, corresponding to 20 edge measurements each taken 20 um apart along
the leading and trailing segments of the edge, as well as the tool nose region.

While the variability in the as-pressed and sintered inserts was 20%, electro-
erosion honing reduced this to 13%, which is significantly smaller than the 35—
40% measured on commercially retailed inserts (Endres and Kountanya, 2002;
Schimmel et al., 2000). Such a process response attests to and is a consequence
of the excellent repeatability of controlled EDM processes. Fig. 4.12b depicts
the distribution of the edge radius along a single edge, at and on either side
of the tool nose, which provides a quantitative measure of the consistency in
edge geometry. The mean edge radius of the pressed and sintered CCMT

insert was 12 um with a 19% variation along the edge. Electro-erosion honing
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Figure 4.12: Variability in edge radius: (a) between inserts. (b) along the edge
of a single insert.

of the insert to a target nominal edge radius of 30 um reduced the variability
along the edge to 13%.

Fig. 4.13a depicts the geometry, topography and cross-section of an electro-
erosion honed insert. To place this in perspective, corresponding views of a
brush honed insert (Fig.4.13b) and a ground insert (Fig.4.13c) are also pro-
vided. The prepared edges refer to a nominal edge radius of 40 um. The
cross-sectional view of the electro-erosion honed insert confirms the efficacy of
the proposed process in generating a symmetric, rounded edge. The surface
roughness of the electro-erosion honed edge was measured to be 0.2 pym Ra,
which is similar in scale to the brush honed inserts (0.14 ym Ra). Aspects
of a comparison of the performance of brush honed and electro-erosion honed

inserts is discussed next.
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Figure 4.13: A comparison of edges: (a) electro-erosion honed, (b) brush

honed, and (c) ground.

4.4.2 Surface integrity, tool life and processing time

In general, electrical discharge machined surfaces entail issues relating to
recast material, micro-cracks and tensile residual stresses, as a consequence
of the mechanism of material removal being primarily thermal in nature. In
cemented carbides, this translates into a degradation in the flexural strength
(Casas et al., 2006) and the tribological response (Bonny et al., 2009). In this
light, the key to productive EDM of cemented carbides is the careful selection
of machining parameter combinations and/or the adoption of strategies such
as the application of successively finer machining regimes, in order to minimize
the adverse effects without incurring an undue penalty on the machining rate.
For instance, with the application of appropriate machining parameters, ce-
mented carbide punches machined using wire-EDM have been shown (Lauwers

et al., 2005) to be comparable to those that were finished by grinding, in terms
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of wear behavior and tool life.

In the context above, the baseline EDM parameters in this work related to
a pulse on-time ¢; of 0.4 us, a discharge current ¢, of 1.2 A, and a gap voltage
U of 50 V, as detailed in section 4.2. With a view to placing these parameters
in perspective, experiments were also conducted using a more aggressive set
of parameters, which referred to an on-time ¢; of 13 us and a gap voltage U of
110 V, other conditions remaining the same. The latter set of parameters were
derived from a complementary study involving a Taguchi design of experiments
approach to minimize the deviation of the generated profile from that of an
ideal circle. An evaluation of the corresponding surface integrity and tool life
characteristics are presented in the following.

A comparison of the topography of the surface generated using the baseline
set of parameters (Fig. 4.14a) with that of the more severe set (Fig. 4.14b)
denotes the latter to correspond to a darker hue, conceivably due to the migra-
tion of carbon from the decomposition of the hydrocarbon dielectric during the
honing process. These surfaces were of roughness 0.20 ym Ra and 0.23 pm
Ra, respectively. Closer examination of the surfaces (Figs. 4.14c and 14d)
indicates the baseline parameters to correspond to a significantly reduced in-
cidence of surface micro-cracking, in terms of both the number of cracks and
their length. Similarly, the cross-sectional view (section X-X) referring to the
baseline set (Fig. 4.14e) shows the surface to be relatively free of selective
binder depletion and recast material, as compared to the latter (section Y-Y,
Fig. 4.14f). A detailed investigation of the cross-section of the surface refer-
ring to the baseline set of parameters (Fig. 4.14g) provided further evidence
towards the absence of recast material and cobalt depletion, while revealing
sparsely dispersed micro-cracks, the depths of which were on the order of just

1 pm; this is in stark contrast to the cross-section corresponding to the higher
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pulse energy (Fig. 4.14h).

Figure 4.14: Effect of pulse parameters on the integrity of cemented carbide
surfaces.

An interesting consequence of the application of EDM for edge honing is
that the corresponding characteristic surface topography that entails a positive
skewness may be deemed to be beneficial in the anchoring of a tool coating.
It is also intriguing to note that a coating can concomitantly enhance the
strength (Casas et al., 2004) and the tribological performance (Casas et al.,
2008) of EDM-ed surfaces.

Considering that one of the primary motivations for edge honing is to ob-
tain robust and enhanced tool performance in the first place, it is of interest to
examine how the differences in surface integrity above translate into variations
in tool life. It is further essential to benchmark the performance of electro-
erosion edge honed tools against that of brush honed tools. A comparison of

such tool life characteristics obtained using variable speed accelerated tests
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Figure 4.15: (a) Taylor’s tool life plots for electro-erosion honed and brush-
honed inserts; (b) edge profiles of typical inserts used in tool life tests.

(Armarego and Brown, 1969) performed in a facing operation is presented in
Fig. 4.15a. These tests referred to a feed of 0.1 mm and a depth of cut of
1.0 mm, for a tool life criterion of 300 pm flank wear, on AISI 4140 steel work-
pieces of 40 HRC hardness. The tools used were uncoated SNEA grade C5
carbide from the same batch, and of a nominal edge radius of 40 ym. Typical
edge profiles are shown in Fig. 4.15b.

The tool life plots indicate the electro-erosion edge honed tools using the
conservative baseline pulse parameters to correspond to a tool life that is vir-
tually identical to that of brush honed tools. It is further evident that the
surface generated using the relatively aggressive pulse parameters that refers
to a seven-fold increase in pulse energy corresponds to a three-fold reduction
in tool life, which is to be expected considering that such features as micro-

cracks and selective cobalt erosion (see Fig. 4.14) depletes the surface strength
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and undermines the tribological response. This trend is in line with the re-
sults obtained by Bonny et al. (2009) who report the successive execution of
gradually finer EDM regimes to result in the enhanced wear performance of

WC-Co, as evaluated in pin-on-flat tribological tests.
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Figure 4.16: Edge radius and processing time as a function of foil thickness.

Notwithstanding the capability of electro-erosion edge honing process in
generating consistent edge geometry as demonstrated in this paper, an impor-
tant factor that is crucial in the industrial acceptance of such a novel technol-
ogy is the processing time. Fig. 4.16 presents edge radius and the processing
time for honing an unit length of a cemented carbide edge of a wedge angle of
90° as a function of counterface thickness. The processing times indicated are
comparable to that of brush honing, which at the present time is largely the
standard process in industry. It may be noted that the electro-erosion honing
process using foil electrodes is amenable to the simultaneous honing of a large
number of inserts, with no strict requirement for any intricate alignment. It
is also possible to configure the process so as to selectively hone certain edge
segments of an insert with a view to reducing the cycle time.

It may be inferred from the information presented in this paper that the
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fabrication of a cutting edge of an appropriate geometry (e.g. honed) and
surface integrity in a reasonable cycle time constrains the electro-erosion hon-
ing process to a rather restricted envelope of operating parameters. It would
however be of interest to investigate possibilities for further minimizing pro-
cessing time and maximizing tool life, through such avenues as a progressive
decrease in the pulse energy during the course of honing an edge. The use
of a dielectric fluid mixed with nano-powders (Jahan et al., 2010) that aid in
dispersing the pulse energy towards improving surface quality without affect-
ing the removal rate may also be considered. Additional strategies to process
optimization may involve such approaches as pulse shaping (Juhr et al., 2004),
physical vapor deposited coatings (Casas et al., 2004), and the application of
secondary processes such as thermal annealing (Casas et al., 2006) and finish

micro-blasting (Qu et al., 2005).

4.5 Conclusions

The primary focus of the work reported in this paper was on expanding the
capability of the innovative electro-erosion edge honing process in the prepa-
ration of uncoated cemented carbide inserts with such geometric features as
nose radii and curved edges. Specifically, the work introduced the application
of a foil counterface, which facilitates the simultaneous processing of a batch
of complex-shaped inserts, with no particular alignment requirements, which
has significant positive implications in insert manufacture.

The use of aluminum as the counterface material in negative polarity was
identified to generate rounded edge hones in cemented carbide tools, consistent
with the insights gained from a simple model developed for the threshold wear

ratio. Characterization of the meso-geometry of cutting edges generated in
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this process has shown it to correspond to less than 15% variability in edge
radius, which is significantly less, as compared to values that are as high as
40% reported for brush honed inserts. This renders the process to be quite
attractive in the manufacture of tools used in the precision machining of high-
value components.

In the current state of development, electro-erosion honing is shown to be
comparable to brush honing in terms of tool life and processing time. This
novel process warrants further research as it offers significant scope for further
reduction in cycle time while concurrently enhancing tool performance. Con-
sidering that electro-erosion honing is a thermal process that is not limited by
tool hardness, the process further offers prospects in the edge preparation of
ultra-hard polycrystalline diamond tools that currently pose problems when

using conventional processes.
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Chapter 5

Parametric characterization of
the geometry of honed cutting

edges

This chapter is a copy of the paper submitted for publication. Edge prepa-
ration and characterization for symmetrically and circularly honed tools were
presented in the previous chapters. This chapter presents a novel methodology
for characterization of asymmetric cutting edge microgeometries that is based

on parametric quadratics.
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Abstract

Development of methodologies for the geometric characterization of cut-
ting edges is of significant current interest, in light of the profound influence
that the edge geometry wields on virtually every machining response, and
the evolving capability for generating tailored edges. This paper proposes
the parametric modeling of the tool edge geometry through the application
of free-knot B-splines that comprise three piecewise segments corresponding
to the cutting edge profile and the two tool faces. The transition points that
demarcate the cutting edge from the tool faces are objectively and robustly
identified by the adaptive placement of the knots that minimizes the residual
error from fitting the B-spline to the tool profile data. On identification of
the cutting edge, the edge profile is modeled by parametric quadratics to yield
four geometrically-relevant, contour-based parameters that characterize both

symmetric and asymmetric honed edges.

5.1 Introduction

The role of the meso-geometry of the cutting edge on the mechanics of
chip formation was first documented by Albrecht [1] in 1960. It has however
taken several decades since, for this important aspect to be accorded its due
consideration. The geometry of the edge has now been demonstrated to affect
practically every machining response including: forces [2], temperature distri-
bution [3], tool life [4], surface finish [5] and residual stress [6], in addition to
wielding a controlling influence on process stability [7]. Consequently, there
is much interest of late amongst the machining research community on the

generation and characterization of the cutting edge.
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Conventional edge preparation techniques such as brush honing and micro-
blasting correspond to significant variability in edge geometry, not just between
edges but also along the profile of the same edge [8]. This is of particular
detriment in the machining of high-value components in terms of robust tool
performance. Avenues to addressing this issue have involved process develop-
ments such as 5-axis brush honing [9], and the conception of novel processes
that entail magneto-abrasive [10], laser [11] and electro erosion [12] techniques.
Further to the variability arising from the process itself, it is intriguing to note
that the lack of a standard characterization methodology is also a factor con-
tributing to variability, as identified in a round-robin investigation [13].

In terms of edge characterization, it has thus far been expedient in most
instances to specify the geometry of honed edges by a simple edge radius
parameter. This inherently assumes the edge profile that bridges the rake and
flank faces to conform to a sector of a circle. This need not however be the
case, and indeed tool performance may be enhanced when the cutting edge is
appropriately asymmetric [3]. Given the critical influence of edge geometric
attributes on process responses, and the evolving capability of aforementioned
novel processes in the generation of tailored cutting edges, it is imperative
to develop methodologies for the comprehensive geometric characterization of
the cutting edge.

Denkena et al. [3] proposed that the edge geometry be characterized with
reference to the virtual tool tip derived from the linear extension of flank and
rake faces (Fig. 5.1a). Any asymmetry in the edge geometry is signified by the
ratio of distances S, and S, from the tool tip to points 1 and 2, from where
the edge profile diverges away from the flank and rake faces, respectively. The
degree of edge flattening is specified by parameter Ar which is the distance

from the virtual tool tip to the apex of the edge profile, and parameter ¢ locates
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Figure 5.1: Edge characterization methods due to: (a) Denkena et al. [3], (b)
Rodriguez [14], and (¢ & d) Wyen et al. [15].

the tool apex relative to the tool faces. Such a characterization is simple
and facilitates easy visualization of the edge; however, the said parameters
are evaluated based on just three points on the edge profile, which are not
adequate to uniquely characterize the edge geometry. Furthermore, ref. [3] did
not specify a method to objectively determine the transition points 1 and 2
wherefrom the edge profile deviates off the tool faces.

Rodriguez [14] attempted to address the issue above by defining the tran-
sition points 1 and 2 in terms of the intersection of the edge profile (Fig. 5.1b)
with the uncut chip thickness h, with the orientation of the edge specified
with respect to the effective rake angle +.. This renders the edge geometric
parameters to be dependent on the cutting conditions rather than be intrinsic
to the cutting edge. Rodriguez further approximated the edge profile by a

sixth-degree polynomial, with the unfavorable implication [15] that the error
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between the edge profile and the interpolating polynomial of such high or-
der could be unacceptably high, due to oscillation effects known as Runge’s
phenomenon in numerical analysis.

Wyen et al. [15] recently proposed a method for identifying the transition
points that delineate the meso-geometry of the cutting edge from the flank
and rake faces of the tool. The first step in this iterative method involves least
squares fitting of straight lines to represent the tool faces over a domain that
spans a certain preset distance from the apex of the edge profile. These lines
are extended to locate the virtual tool tip to enable the computation of the
point of intersection of the edge profile and the bisector of the wedge angle 3
(point 3 in Fig. 5.1¢). A circle is then constructed such that it passes through
point 3 and is tangential to the said straight lines representing the tool faces.
Points 1 and 2 at which this circle intersects the straight lines are considered
first approximations for the transition points, which constitute the updated
upper limit for the subsequent least squares fitting of the tool faces. The steps
above are iterated to refine the location of the transition points.

As the edge is approximated as a circle in this method, any deviations
from the ideal such as the edge being asymmetric adversely affects edge iden-
tification. In consideration of this, Wyen et al. [15] proposed that the fit be
reconsidered should the value of the coefficient of determination R? be less
than a predefined value, say 90%. They further proposed that any cutting
edge asymmetry be denoted by the ratio of distances D, and D, measured
from a line passing through point 3 and perpendicular to the wedge angle bi-
sector, to the edge profile, as shown in Fig. 5.1d. This is different from the
proposal in [3] in terms of the direction in which these distances are measured.

The review of the relevant literature above clearly indicates that a novel

approach is required for the identification and characterization of the cutting
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edge, given that published methods refer to ideal geometric shapes and to
discrete points on the edge profile. In this context, Section 2 of this paper
proposes the application of parametric B-splines for the contour-based iden-
tification of the transition points that demarcate the cutting edge from the
tool faces. Being piecewise polynomials, B-splines are a logical choice for such
identification, as the flank/rake faces and the edge profile that constitute the
cutting edge are themselves piecewise in nature. The robustness of such an
identification method is investigated in light of several potential sources of
uncertainties. Following edge identification, the characterization of the cut-
ting edge profile using parametric quadratics is proposed in Section 5.3. Four
contour-based parameters are derived to uniquely quantify the geometry of a
edge, which are exemplified in terms of their application to both symmetric

and asymmetric honed edges.

5.2 Cutting edge identification

As the meso-geometry of a tool edge profile comprises two tool faces that
flank the cutting edge (Fig. 5.2), unambiguous identification of the transition
points that separate the edge from the tool faces is the first step that should
precede edge characterization. The critical importance of this is illustrated in
Fig. 5.3, wherein it is shown that the same symmetrically honed edge could cor-
respond to significantly different edge radius (r5) values, depending on where
the color-coded sets of transition points are deemed to be located. The uncer-
tainty imposed by the boundaries of the cutting edge domain necessitates an
edge identification method capable of uniquely and objectively demarcating
the cutting edge from the rake and flank faces.

The key idea in the proposed contour-based edge identification method is
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Figure 5.2: Terminology of tool edge profile.

that the edge geometry may be modeled by three piecewise segments to rep-
resent the flank /rake faces and the cutting edge, with zero and first geometric
continuity at the joining points. Multi-degree splines are most suited to this
end, with the first and third sections corresponding to flank and rake faces
constrained to be linear, while assuming higher orders for the curvilinear cut-
ting edge in between. As the approximation algorithms for such curves are
somewhat complex, a simpler alternative is to employ a single-degree piecewise
curve, wherein the first and third segments are geometrically constrained to
conform to the linear shape of the tool faces. The profile of the cutting edge
is usually free of any change in the direction of curvature, and hence a second

degree curve should suffice for modeling it.

flank face

Figure 5.3: Effect of deemed edge boundary on edge radius rg.
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In terms of cutting edge identification, the joining points of the spline
sections assume great importance as they correspond to the transition points
that demarcate the cutting edge from the tool faces at either ends. With this in
view, an appropriate family of spline curves would be the one that enables the
curve fitting process to be optimized with respect to the points that connect
the three segments. A family of curves that offers this feature are piecewise

parametric polynomials called B-splines [16], which are defined as:

C(u) = Z N, ,(u)P; (5.1)

where u € [0,1], and P; are n 4+ 1 control points that represent the polyline
form of the curve in a way that the actual curve always lies completely in
their convex hull. N;,(u) are B-spline basis functions of degree p computed

recursively as:

1 1fu1§u§u,+1

Ni,O(u) =
0 otherwise
(5.2)
U — Uy Ujgpp+1 — U
Nip(u) = ———N;p1(u) + ————Nip1p-1(u
;p( ) Uity — U P 1( ) Uigpi1 — Uit +1p 1( )
Eqn. (5.1) can be expressed as:
C=NP (5.3)

where N and P are matrices of basis function coefficients and control points,
respectively.

Basis functions facilitate the piecewise nature of B-spline curves by making
use of parametric values called knots (u;). Each u; is one of (m + 1) B-spline
knots from the knot vector [ug, u1, ..., u,] and corresponds to a parameter at

which one polynomial section ends and another begins. In other words, knots
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may be considered as division points that subdivide the curve into segments
with (p — 1) continuity at the joining points. For B-spline curves, the knot
vector is usually on the [0, 1] interval, with the (p + 1) first and last knots
being identical, as in:
[UO =Up = ... =Up = 0, Up42y -+« + s Um—p—1, Um—p = Um—p+1 (54)
= = Uyl = Uy = 1]
The number of knots (m + 1), the degree of the B-spline curve p and the

number of control points (n + 1) are related as:
m=p+n+1 (5.5)

The proposed method uses a quadratic B-spline to model the cutting edge.
For a second degree B-spline to constitute three polynomial sections that cor-
respond to the flank/rake faces an the cutting edge, the knot vector should
have three spans and will be of the form [0,0,0, u1,us,1,1,1]. Based on this
knot vector, the second degree basis function matrix N can be computed from

eqn. (5.2) to be:

(w—w?  _w?  2u W u?
u% u% + ul uiU2 ui1u2 O 0
0 (ug—u)? (u? —ug)ug —u+2uus —usu® —ugu? (u—u1)? 0
ug(u2—uy) ug(u2—u1)(1—u1) (1—u1)(uz—wu1)
(1—u?) (1—w)(-u1) | (—w(u—uz) (u—uz)?
0 0 T —u)(i=u) T (-ua) (1w
(5.6)

For a second degree polynomial (p = 2) with eight knots (m + 1 = 8), five
control points (n + 1 = 5) are required to uniquely define the curve, as per
eqn. 5.5. Knowing wu;,us and five control points, the desired B-spline curve
C(u) is fully defined using eqn. (5.3) and eqn. (5.6), and the cutting edge will
be subdivided into three quadratic profiles joining smoothly at u; and wus, as

shown in Fig. 5.4. The equation for each individual section of the cutting edge
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— profile
—— B-spline
control polygon

Figure 5.4: Edge identification using a quadratic B-spline with three sections.

profile can be derived from the corresponding row of the N matrix multiplied
by the control points matrix P.

The profile of a tool edge can be acquired by techniques such as profilome-
try, white light interferometry and confocal microscopy. With the profile data
points D = [Dy,...,D,] in place, the edge identification algorithm reduces
to the determination of u; and us. However, before proceeding with such
fitting computations, a set of parameters ¢t = [t1,...,t,] should initially be
assigned to the data points so that C(¢;) =~ D; holds subsequent to fitting, a
process known as parametrization. Among the different methods available for
parametrization, the method used in this research refers to uniformly spaced
parameters:

ti:%; i=1:q (5.7)

The algorithm for finding the cutting edge profile is then equivalent to the

minimization of the least square B-spline curve fitting function:
q
L= Z C(t;) — Dyf? (5.8)
i=1

The unknowns are five control points (n + 1 = 5), u; and uy. If the values

of u; and wus are predetermined (as in uniformly spaced knot generation, e.g.
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u; = 1/3 and us = 2/3), the problem simplifies to a fixed knot B-spline
approximation, and eqn. (5.8) will reduce to a linear least square problem that
can be solved by simple linear algebraic formulations. However, with u; and wus
unknown, the fit is allowed to modify the boundaries of sections for the best-fit
three-segment quadratic polynomial. This is a key point in that the transition
points that demarcate the cutting edge from the tool faces are objectively and
robustly identified by the adaptive placement of the knots that minimizes the
residual error from fitting the B-spline to the tool profile data. This type of
B-spline curve fitting is categorized as free-knot B-spline approximation, and
as a result eqn. (5.8) will be a nonlinear least squares problem, which can be
solved by iterative numerical methods like Gauss-Newton [17].

To render the first and third segments corresponding to flank and rake faces
to conform to the geometry of the tool faces, the approximation procedure is

further coupled with two geometric constraints:

ac
dci (0) =m
o (5.9)

where m; and msy are the slopes of the lines representing the flank and rake
faces.

In the context of the background above, the steps to cutting edge identifi-
cation are enumerated below and accordingly illustrated in Fig. 5.5, with the

virtual tool tip as the origin of the coordinate system.

1. Having the profile data points (Dy), two horizontal margins that best
include the linear sections on rake and flank faces are given as inputs.
Based on linear regression of the points contained between these margins,
the rake and flank lines, and the origin of the coordinate system are

constituted.
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Figure 5.5: Cutting edge identification by free-knot B-spline approximation.

2. Using these rake and flank lines, the wedge angle 5 is computed. If
the computed wedge angle is not within a predefined margin (say £5%)
of the nominal value, step one is repeated with two updated horizontal

marginal lines.

3. Profile data points are then rotated (D) such that the wedge angle bi-
sector coincides with the Y axis, for which the rake and flank line slopes

(mq and ms) will be equal but with opposite signs.
4. Profile data points are then parameterized using eqn. (5.7).

5. Eqn. (5.8) is solved for profile points (D) starting from the lower marginal

line using Gauss-Newton [17] method, with eqn. (5.9) as constraints. The
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resultant u; and us will provide the first guess for the transition points,

with the cutting edge bounded between C(u;) and C'(us).

6. If the closest distance of C'(uy) (or C'(ug)) to flank (or rake) line is more
than a threshold value (say 3% of |C(u2) — C'(u1)|), u1 (or ug) will be

decreased (or increased) until this condition is met.

7. The closest points on the actual profile (D) to C(u;) and C(uz) will be

the start and end points of the edge region.

The algorithm above is applicable to all edge geometries; however, if the
cutting edge profile contains an abrupt slope change between the sections that
the quadratic polynomial cannot closely follow, the precise identification of
the cutting edge is affected. One example of such abrupt geometric change is
a T-land (chamfer) edge geometry for which all three tool sections are linear.
It is suggested that first degree B-splines rather than quadratics be used in
such an instance. All other steps remain unaffected.

Point-based cutting edge identification methods which consider the edge
boundaries to be defined by the points from where the edge profile separates
off the rake and flank lines are quite sensitive to minor form errors and profile
irregularities. This issue is addressed by the proposed contour-based method,
as illustrated in the inset on the left of Fig. 5.5, wherein the transition point
can be seen to be not affected by variations in the form of the tool profile.

The proposed algorithm is intended to minimize the influence of potential
sources of uncertainty in cutting edge identification. This algorithm is based
on the fact that rake and flank geometries can be rendered as two lines. Inap-
propriate consideration of the tool macro-geometry comprising the rake and
flank faces might result in improper cutting edge identification. As shown in

Fig. 5.6, points lying between horizontal margins 1 and 2 contain the actual
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Figure 5.6: Identification of tool face margins in consideration of wedge angle

8.

macro-geometry of the cutting tool, referring to the nominal wedge angle 5.
Erroneous consideration of points between margins 2 and 3, or 3 and 4, results
in entirely different flank and rake lines that respectively refer to wedge an-
gles (93 and (34 that are different from the nominal value. The comparison of
the computed tool wedge angle with the nominal value in the second step of
the identification algorithm precludes such misinterpretations. Step 6, though
rarely required, is added to ensure that the edge is properly determined.

Fig. 5.7 depicts three edge profiles with a point uncertainty of 1 um to
demonstrate the robustness of the edge identification method against such.
The variability in the location of the edge identification points is less than
2 pm, which highlights the superiority of a contour-based approach. One of
the sources of uncertainties in the identification of the cutting edge refers to
the distance from the tool tip over which rake/flank faces are being considered
for modeling. While unreasonably too big or too small values of this distance
will lead to inaccurate edge identification, any algorithm should yet be as
invariable as possible to this factor. Fig. 5.8 illustrates the robustness of

the proposed edge identification method against the marginal distance (lower
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Figure 5.7: Robustness of edge identification against point uncertainty.

margin in Fig. 5.5) by taking advantage of free-knot B-spline approximation.
Intentional translation of the lower marginal line from 80 pym up to 170 pum
can be seen to induce a variability of less than 2 pym in the identification of

the cutting edge boundaries.

5.3 Cutting edge characterization

As reviewed in section 5.1, methods currently used to characterize edge ge-
ometry refer to parameters that are evaluated based on discrete points on the
edge profile. Fig. 5.9 illustrates issues arising from such an approach. Fig. 5.9a
shows two edges that would refer to different machining responses to corre-
spond to identical S, and S, parameters used in ref. [3]; similarly, Fig. 5.9b
illustrates the limitation of parameters D, and D, proposed in ref. [15] in
being able to effectively distinguish the edges, as the two entirely different

profiles correspond to identical parameters.
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Figure 5.8: Invariability of edge identification algorithm to tool face region
considered.

To characterize an edge by a comprehensive set of contour-based param-
eters, it may be modeled by a geometric curve that can be adequately fit to
various edge geometries. To this end, it is proposed herein that parametric

quadratic curves be fit to the edge profile:

z(u) = au® + ayu + ag

(5.10)
y(u) = bou® + byu + by

Parametric quadratic curves are simple polynomials for which standard fitting
algorithms are commonly available, one of which is the B-spline approximation.

In reference to the coordinate system shown in Fig. 5.10, the cutting edge
is modeled by fitting a second degree parametric curve with u € [0, 1] to the
spatial coordinates of the cutting edge. The quadratic equations of the edge
may be obtained directly from the parametric equations of the second segment

of the tool geometry, which refers to the cutting edge profile obtained during
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Figure 5.9: Limitations of current edge characterization parameters.

the edge identification process (as presented in section 2). This requires re-
parametrization from [uy, us] to [0, 1] by replacing u with [(u — uq)/(ug — uy)].
Alternatively, an additional single span approximation may be accomplished
with a fixed knot (u; = [0,0,0,1,1,1]) B-spline using linear algebraic algo-
rithms. The fit of the B-spline to the cutting edge profile may be evaluated in
terms of goodness-of-fit measures such as the coefficient of determination R?,
as suggested in ref. [15].

In the interest of rendering the edge characterization parameters to com-
prehensible and easy to visualize, the six constants in eqn. (5.10) need be
viewed in light of parameters that are of physical relevance. It can be shown
that the implicit form of a parametric quadratic curve is a parabola [18] with

the general form:
Az? + Bay +Cy* +Dx +Ey+ F =0 (5.11)
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Figure 5.10: Proposed edge characterization parameters.

subject to B2 = 4AC. Accordingly, the minimum number of parameters to
construct the edge is four, since parabolas have four degrees of freedom in the
two-dimensional plane. However, to designate the cutting edge margins, two
of these parameters have to correspond to the two points referring to the start
and end points of the cutting edge profile. If these points are assumed to lie on
the rake and flank lines within a set tolerance, the cutting edge profile can be
fully defined using four parameters, considering that for the given tool wedge
angle 3, x(0) = —y(0)tan(5/2) and z(1) = y(1) tan(8/2). Fig. 5.10 depicts
these four characterization parameters to comprise two form parameters and
two edge marginal parameters. If u, = (—b;/2by) refers to the apex of the

cutting edge, the two form parameters are:

L. Su = z(ua) = ag(—by/2b2)? + ay(—by/2by) + ag, a measure of profile

asymmetry, and

2. 1y = [(a1by — aghy)?/(2b5*)], the radius of curvature of the apex.
The two edge marginal parameters:
3. Sf = Qo
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Figure 5.11: Characterization of: (a) symmetric, and (b) asymmetric edges.

4. STZCL2+CL1+(IO

define the region that the edge profile extends to, with respect to the flank
and rake faces, respectively. If the assumption of the start and end points of
the edge profile being on the flank and rake lines is relaxed, the following two
additional parameters (see Fig. 5.10) are required to fully define the cutting
edge:

5. fo=y(uy) = (=b2/4by) + by, a measure of cutting edge flatness, and

6. 0 = (1/2)tan'[(—2azbs)/(bs* — ay?)], the angle between the axis of sym-

metry of the parabola and the wedge angle bisector.

The four parameters S,, 74,5 and S, can represent both symmetric and
asymmetric edge profiles. Sy and S, define the margins of the cutting edge
profile and cannot therefore represent any asymmetry in the form of the edge
profile. Form asymmetry is well brought out by parameter S, that designates
the location of the edge apex. Parameter r, denotes the roundness of the edge
profile.

Fig. 5.11 illustrates the fit of a B-spline to a symmetric edge and an asym-

metric edge, the coefficient of determination R? for both of which exceeded
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98%. For the symmetric profile (Fig. 5.11a), the cutting edge marginal pa-
rameters Sy and S, are essentially the same (see Table 1). The symmetry of
the edge is also denoted by the S, and 6 parameters being close to zero. If
the cutting edge refers to an arc of a circle, r, ~ rg. For this profile, r5 was
measured using circular regression over the points on the cutting edge profile
to be 53 um. For the asymmetrically honed insert shown in Fig. 5.11b, edge
asymmetry is clearly signified in the disparity between Sy and S, values, and
the parameters S, and # assuming non-zero values that are larger relative to

those corresponding to the symmetric edge.

Table 5.1: Cutting edge characterization parameters

Parameter Sa(pm)  ro(pm)  Sy(pm)  Sy(um)  fo(pm) 6(%)
Symmetric edge 0 50 41 42 25 -2
Asymmetric edge 6 65 46 62 33 11

It may be noted that the proposed characterization parameters enable the
calculation of the parametric quadratic coefficients of eqn. (5.10), which serves
to reconstruct the edge profile for further numerical analyses such as finite

element modeling of cutting.

5.4 Conclusions

A parametric approach to the identification and characterization of the
meso-geometry of honed cutting edges has been presented. Considering that
the profile of a honed cutting edge transitions smoothly into the rake and
clearance faces that flank the edge, unambiguous identification of the transition
points that delimit the cutting edge from the tool faces has been demonstrated

to be a critically important step that ought to precede edge characterization.
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Accordingly, parametric modeling of the tool edge geometry through B-splines
that are presently standard modeling tools in CAD/CAM applications has
been proposed.

The B-splines considered comprise three piecewise segments correspond-
ing to the cutting edge profile and the two tool faces. The transition points
that demarcate the cutting edge from the tool faces are objectively identified
by the adaptive placement of the knots that minimizes the residual error re-
ferring to fitting of the B-spline to the tool profile data. This methodology
has been evaluated to be robust against point uncertainty and the geometric
domain over which the tool profile is modeled. Subsequent to edge identifica-
tion, the edge has been modeled by parametric quadratics. The application of
four geometrically-relevant, contour-based parameters derived from the best
parabolic fit to the cutting edge in characterizing both symmetric and asym-
metric honed edges is also demonstrated.

These parameters serve to reconstruct the cutting edge geometry for nu-
merical analyses of cutting processes, and enable the specification of tool edge
geometries that are tailored to optimize the cutting response in the manufac-

ture of high-value components.
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Chapter 6

Numerical Simulation of

Electro-Erosion Edge Honing

6.1 Introduction

Simulation of the EDM (like any other process) can provide an enhanced
insight into the process, it can further facilitate the prediction of process behav-
ior and the geometry of the machined workpiece under different parameters.
In spite of its complexity, there are several fundamental principles governing
the EDM which facilitate the simulation of its behaviors. In EDM, electrical
sparks which form the very basic units of material removal mechanism, occur
in millionth of second (0.05-1000 us), removing micro scale amount of material
(107 —10~* mm?) [43] from both tool electrode and the workpiece. The ratio
of material removed from tool electrode and workpiece is wear ratio and the
amount of material removed per single spark is called crater volume. Wear

ratio and crater size depend on the tool/workpiece material and geometry as
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well as polarity and pulse parameters. They remain almost constant per dis-
charge through the EDM process. There is also a micro-scale gap between the
tool electrode and the workpiece that is filled with dielectric fluid. This gap
provides the electrical resistance to be potentially overwhelmed by electrical
sparks following the dielectric ionization. Gap size which depends on open cir-
cuit voltage and the material of dielectric fluid, is constantly oscillating about
an average value in a servo-controlled range.

Based on the above mentioned principles there have been a few studies
on the geometric simulation of EDM process. Yu et al. [78] predicted the
longitudinal wear length of simple-shaped tool electrodes by a uniform one-
dimensional wear model. Tricarico et al. [77] developed a die sinking EDM
simulation in which discrete nodes on tool electrode and workpiece surface were
relocated iteratively with respect to a layer thickness function. This function
was derived by considering the relationship between material removal rate and
electrode wear with gap width. Kunieda et al. [60] developed a numerical simu-
lation which modeled the removal on both electrode and workpiece considering
the gap width, crater size and debris particle concentration in the gap. This
method which was only applicable to flat surfaces was later enhanced [79] to
be applicable to large curvatures by including the effect of curvature difference
between the electrode and workpiece at curvilinear profiles. The crater shape
was assumed to be of cubic shape by considering one mesh area to be equiva-
lent to the crater size. Zhao et al. [80] employed a mesh modeling of workpiece
ignoring the material removal in the tool electrode. They considered the crater
geometry to be of conic shape as opposed to the previous models which con-
sidered it to be cubic. For geometric prediction of micro-EDM drilling, Jeong
and Min [81] used a mesh modeling of both workpiece and tool electrode. The

crater geometry was considered to be a circular section. The effect of surface
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condition on material removal was also incorporated by assuming that removal
per spark is constrained by surface topography. It was further assumed that
depth to diameter ratio of the electrode and workpiece craters are equal. This
model was then applied to micro-EDM drilled holes showing maximum error
at the corners.

Electro-erosion edge honing [82] relies on localized wear on high curvature
surfaces during the sink EDM process. This phenomenon is exploited to round
off the sharp edges of cutting tools used as tool electrodes while ED-machining
of an appropriate counterface. In this regard, the simulation of EE-honing re-
quires a modeling technique that can simulate removal on both tool electrode
and workpiece. It should further be capable of modeling the elevated wear at
high curvatures in micro-scale. This is only possible by a modeling technique
that is based on the true crater geometry in such a way that a realistic model-
ing of overlapping craters is facilitated. In this context, this section details an
innovative simulation of material removal during the sink EDM process which
is capable of predicting the geometry of EE-honed cutting edges. Such sim-
ulation will provide a better understanding of EE-honing process behaviour
and characteristics. It can be used for off-time investigation of the effect of
various parameters such as initial edge geometry, tool angle, foil thickness and

gap size on the geometry of prepared edges.

6.2 Simulation Methodology

The numerical simulation considers the cutting edge and the counterface
to be two vectors of equally spaced nodes. Counterface is a foil with a known
thickness. Cutting edge is modeled as a wedge with an initial edge radius. The

algorithm is based on geometrical (tool angle, foil thickness), process (gap size,
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crater size) and programming (simulation duration, node density) parameters.

There are three major assumptions in this algorithm:

e Energy per spark and the removed material per spark remain constant

during the EDM process
e Crater size on tool electrode and workpiece and gap width (s) are known

e Spark occurs at the shortest path between the tool electrode and the

counterface

In consideration of aforementioned assumptions it should be noted that
crater size and gap width are experimentally measured and employed as cal-
ibration parameters for the simulation. Gap width depends on open circuit
voltage and the material of dielectric both of which are fixed in the EE-honing
process. In addition to the shortest path criterion, spark location is also a func-
tion of debris diameter and debris concentration [83]. However, the volume of
material removed during the EE-honing process is very small. This results in
minimum contamination of the machining gap which in turn dominates the
effect of shortest path on spark location as compared to debris diameter and
concentration.

EDM simulator is consisted of different modules each performing a separate
task. A brief explanation of how the algorithm works and the tasks of these

modules follow.

Electrode Feed Module

In EDM process a constant gap between electrode and workpiece is con-
trolled and adjusted by a servo mechanism [77]. In practice gap is usually

controlled indirectly by mean woking voltage which is compared with a servo
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reference voltage. In this simulation gap is controlled directly by the distance
of closest points between electrode and workpiece in the same manner. The
tool electrode feeds towards the counterface until the shortest distance to the
counterface surface is less than the gap size (s). Then the spark location search
module identifies the spark location. During the EDM process, tool electrode
feed continues until the shortest distance of the electrode and counterface is
less than a threshold value (0.8s pum). At this point, the tool retracts for a
random value in [0 0.2s] range from where it continues to feed in. This back
and forth movement simulates the servo controlled feed of the tool electrode
to maintain a constant gap in an actual EDM process. It further provides the

required randomness to the EDM process simulation.

Spark Location Search Module

Spark location search module identifies the range of potential nodes that
the spark might occur with respect to gap size. The identification of potential
spark locations optimizes the search algorithm. A pair of nodes with minimum
distance on tool electrode and the counterface defines both the spark location
and its direction. Omnce the spark location is known on the tool and the

counterface, material removal is simulated by material removal module.

Material Remowval Module

Experimental observations have shown spark crater shape to be spherical
[84]. The cross section of a crater geometry is shown in Fig. 6.1. As can be
seen it consists of a circular section and two small rims at both ends. However,
the area of these rims is quite negligible compared to the area of the circular
section. Therefore, a circular section accounts for the spark crater geometry in

this simulation with the maximum depth at the sparking node which physically
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represents the center of arc plasma. This is a valid assumption since arc plasma

temperature is maximum at the center [85].
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Figure 6.1: Circular crater geometry in the direction of spark.

This circular section is in the direction of spark into the material with the
sparking node being on its axis of symmetry. If the crater width and depth

are w and d, respectively, the crater radius can be computed:

_ w? + 4d?
- 8d

Having the radius of crater and the direction of spark, the center point

R (6.1)

coordinates of the circular section can be computed and the equation of the
circle can be derived. In order to simulate the crater geometry, the simulation
is developed so that multi-nodes are assigned to a single crater. Once the
equation of the circular section is known, with reference to the sparking node,
the neighboring nodes within the crater region will be examined, Fig. 6.2. If
they fall within the crater circular section, their y coordinate will be updated
to correspond to crater shape. Fig. 6.2 illustrates such removal on both the tool
electrode and the counterface material. As can be seen, the distance between
nodes on electrode is different from that of workpiece nodes. This distance is
determmined with respect to the crater width on tool electrode and workpiece

such that same number of nodes cover a horizontaly positioned crater.
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Figure 6.2: Simulated removal mechanism per spark.

The material removal modeling explained overwhelms a major challenge
for EDM simulation which is the modeling of overlapping craters. Fig. 6.3a
shows overlapping craters simulated with such a modeling strategy.

As can be seen in Fig. 6.3a, the amount of material removed per spark is
constrained by the surface topography of the electrode and/or workpiece. For
instance, the amount of material removed by second discharge is much smaller
than the amount of material removed by the first one which itself is smaller
than the material removed by the single spark test on a flat surface being the

reference crater area:

A, = 320051(%1) —(R—dVARI— @ (6.2)
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This is indeed not true, since material is removed with respect to spark
energy and the effect of surface topography should be compensated. To over-
come this limitation the amount of material removed per spark is calculated
on both electrode and workpiece if this amount is smaller than the reference

crater area of eqn. (6.2) crater width and depth are incremented as follows:

w=w+ 0.01w
(6.3)

d=d+0.01d

(a) removal constrained
by geometry

spark «— single spark
electrode crater

(b) constant removal
per discharge

Figure 6.3: Modeling of overlapping craters (a) Constrained by geometry (b)
Constant removal per spark.

Removal is then performed by new crater dimensions. This procedure is
repeated until the amount of material removed corresponds to the reference

crater area. Such material removal mechanism is shown in Fig. 6.3b.
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6.3 EE-honing Process Investigations

Prior to experimental verification of the numerical simulation, it is possible
to perform qualitative investigation of the process to get a better insight of

the EE-honing process.

6.3.1 Electrode Wear at Sharp Edges

The key idea of the EE-honing is based on the fact that in sink EDM
process sharp edges of tool electrodes quickly round-off as a result of localized
electrode wear at the corners. The geometric explanation for this phenomenon
is that workpiece area facing a unit electrode area is larger than one at the
corners. This results in occurrence of higher number of sparks at sharp edges
and removes more material at these positions [45], Fig. 1.22.

The localized wear at electrode corner, is hence the fundamental principle
of EE-honing process. A successful simulation of EE-honing should be able
to model this effect. This was investigated by the numerical simulation using
the definition of discharge density. Discharge density is the total number
of sparks per unit area (or length in 2-D simulation) of the tool electrode.
Fig. 6.4 illustrates discharge density along the cutting edge subsequent to the
EE-honing process.

As can be seen in Fig. 6.4, while discharge density is almost constant at
sections of linear geometry, it is elevated at the tip of the tool electrode. This
confirms the occurrence of higher number of sparks at sharp electrode corners.
Fig. 6.4 also designates increasing discharge density at parts of the edge which

are still under process.
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Figure 6.4: Discharge density along the electrode length.

6.3.2 Effect of Wear Ratio

Wear ratio is the ratio of the volumetric amount of material removed from
electrode to that of the workpiece. EE-honing process is based on localized
wear at sharp edges of the tool electrode. Therefore, it is evident that wear
ratio should dominantly affect the final worn edge geometry. This was experi-
mentally verified. Fig. 6.5 illustrates edge 3D surface model along with a cross
section profile obtained from experimental EE-honing tests conducted under
different wear ratio values. By increasing wear ratio, the shape of the wear
pattern gradually changes from dome-shaped to circular and further to a flat
profile.

To investigate the shape generation in EE-honing, simulation was imple-
mented for a wide range of wear ratios. This was done by fixing the electrode
crater size while changing the size of counterface crater to obtain the desired
wear ratio. Typical simulated edge geometries are illustrated in Fig. 6.6a.

The reason for this is deducible from Fig. 6.6b which designates the angular
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Figure 6.5: Cutting edge geometry for (a) 0.15 (b) 0.4 (c) 5 wear ratios.

range that the spark sweeps during the EE-honing process. It is evident that
to circularly hone an edge of a 90° wedge (like that of Fig. 6.5), spark angular
sweeping range should fall within 45-135°. For small wear ratio of 0.1, spark
travels a wider angular range far beyond what is required to circularly hone
the edge. This results in removal from the rake and flank lines and thereby
generates a dome-shaped geometry. For a perfectly honed edge (v = 0.5),
spark travels on an annular path exactly within the desired angular boundary
required to generate a hone on a 90° wedge (45-135°). For a flat edge geometry

however, the spark moves rather linearly in a limited angular span resulting in

(a) simulated edge profiles (b)
01e
wear ratio = 0.1 05e

0.5

wear ratio {v)

Figure 6.6: (a) Simulated effect of wear ratio on edge geometry. (b) Effect of
wear ratio on spark angular sweeping range
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a flat (chamfer) edge geometry. With high wear ratio the amount of material
removed from tool is considerably higher as compared to that removed from
counterface, therefore the edge conforms to the flat shape of counterface. The
comparison of the simulation and experimental results confirms the validity
of the simulation predictions and further confirm the existence of a threshold

wear ratio value for the generation of circular edge wear pattern.

6.3.3 Effect of Foil Counterfaces

While EE-honing edge preparation, it was observed that the cutting edge
radius is at its maximum exactly before the edge tip exits the foil counterface,
Fig. 6.7a. This was seen to be related to removal of the two lateral foil segments
that continue to remove material from sides of the tool tip and thereby reduce
its radius (Fig. 6.7b). The effect of lateral removal of foil counterface continues
on the rake and clearance faces as long as the machining continues generating

two parallel lines on the processed faces (Fig. 6.7¢).
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Figure 6.7: The effect of foil counterfaces.
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It was desired to investigate if real experimental tests exhibit such maxi-
mum edge radius value at the tool tip exit. However, it is practically impossible
to stop the honing process at the exact position where the edge exits the foil.
Therefore, physical sections of the experimentally prepared edges were closely
examined to find any traces of such effect on the rake and clearance faces.
Fig. 6.7d illustrates the same two parallel lines on the rake and clearance faces
as simulated by the algorithm in Fig. 6.7c and thereby confirms the existence
of such foil counterface effect on edge preparation.

The foil effect depends on the counterface foil thickness and does not alter
the macro-geometry of the cutting edge as the tool angle (f) is unaffected.
Its position can be placed far enough from the cutting edge by increasing
the processing time of the EE-honing process. However, one benefit of such
microgeometric feature might be related to its potential functionality as a

micro size chip breaker.

6.4 Experimental Verification

6.4.1 Required Data for the Simulation

Table 6.2 illustrates the baseline EE-honing process parameters. Required
data for EE-honing simulation are measured for these parameters while ED-
machining of an aluminum counterface with carbide electrodes. Wear ratio was
measured to be 0.4 by careful electrode and counterface weight measurements
before and after the EDM process. Gap size was measured using the 3D
geometric models of both the electrode and a thick counterface subsequent to
the EDM process. Considering a curvilinear profile, the difference between

the curvature radius of electrode and workpiece which designates the off-set
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Table 6.2: Baseline EE-honing parameters
Parameter Value
Pulse duration (us) | 0.4
Pulse off-time(us) 1.12

Gap voltage (V) 50
Current (I) 1.2
Polarity +

distance of two geometries corresponds to the gap size. It was measured to be
approximately 15 pm. Tool wedge angle was 90° in all the simulations which
corresponds to the wedge angle of the industrial SNE inserts on which all the
experiments were performed. Cutting edge was considered to have an initial

edge radius of 5 um which is the average edge radius of unprepared inserts.

crater

¥ / '

Figure 6.8: SEM micrographs of spark craters on carbide surface.

Single spark tests under the baseline EE-honing parameters were performed
to obtain the crater geometry. In order to facilitate the crater shape inves-
tigations, one carbide insert was mounted in epoxy resin and polished with
sequentially finer sand papers and cloths. The mounted insert was connected
to a metallic base with a conductive paste to enable the discharge in EDM
process. Single spark tests were performed on this polished carbide surface.
Aluminum foils had a finely polished surface and required no preparation.

Crater geometry was then investigated using the SEM, Fig. 6.8. Crater width
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was measured from the micrographs to be approximately 8.2 pum for carbide
tool and 14 pm for aluminum. Crater depth was measured to be 1.7 pym for
carbide tool and 2.3 pum for aluminum using a high resolution optical micro-

scope.

6.4.2 Symmetric Edge Honing

Electro-erosion edge honing simulation was implemented to investigate the
effect of foil thickness on cutting edge radius. Simulated cutting edge profiles
were investigated and the cutting edge radius values prepared by different foil
thicknesses were computed. Sharp unprepared SNE inserts were symmetri-
cally honed under the baseline EDM parameters. Aluminum foil thickness
varied from 25 to 100 um. Subsequent to the EDM process edge radius values
were measured by the methodology detailed in Chapter 2. Simulation and

experimental results are shown in Fig. 6.9.
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Figure 6.9: Simulated and experimental edge radius values for different coun-
terface thicknesses.

As can be seen, the simulation underestimates the edge radius values with
the maximum error of 14% related to the smallest edge radius (30 pm). The

error decreases substantially for higher processing times. For foil thickness of
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100 pm which generated an edge radius of 53 um error reduces to as low as 1 %.
This is due to the fact that for larger edge radius values the initial condition
of the unprepared inserts becomes less dominant. This initial geometry of
unprepared inserts which is extensively variable and accompanied with edge
defects like chippings and flashes has been considered to be equivalent to an

initial edge radius of 5 ym in the simulation.

a 7 /%
(a) /NS~ 5um edge 7 edge chipping

20 pm \ radius

initial profile —_——

EE-honed profile

Figure 6.10: Effect of initial edge defects on final honed edge geometry.

In order to further investigate the effect of edge defects, two profiles one
with perfect initial edge radius of 5 ym and another with a small edge chipping
of 20 pm are numerically processed under the same conditions, Fig. 6.10a. As
can be seen, although edge chipping is removed completely subsequent to the
honing process the final profiles are quite different. The edge radius of the
imperfect edge (rz = 29um) is increased by more than 11% as compared to
the initially round one (rz = 26pm) which signifies the significant influence
of initial edge condition on final geometry of the prepared cutting edge. This
initial geometric variation becomes less dominant when the edge is processed

more. This is deducible from Fig. 6.10b.
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6.4.3 Asymmetric Edge Preparation

The potential capability of the EE-honing process to generate asymmetric
cutting edges was briefly explained in Chapter 4. By rotating the edge about
its axis of symmetry (Z) asymmetric wear pattern on the tool electrode edge

is expected, Fig. 6.11.

feed (a) (b)
asymmetric
. N : /" rotation about hone
/\ - v Z axis
counterface v —

dielectric fluid—

Figure 6.11: Preparation of asymmetric cutting edge.

EE-honing numerical simulation was implemented to study the effect of
asymmetric cutting edge engagement for rotation angle of 20°. Experimental
EE-honing tests were also performed under the same kinematic configuration.
Fig. 6.12 presents the simulated and experimental cutting edge profiles subse-
quent to the EE-honing process for two counterface thickness values of 50 pum
and 100 pm.

Characterization parameters for both profiles are listed in table 6.3 using
the asymmetric cutting edge characterization parameters detailed in chapter 5.
These parameters are shown in Fig. 6.13. S, and r, are the distance of cutting
edge apex from the axis of symmetry and its curvature radius, respectively.
Sy and S, are the distance of edge separation points on the flank and rake
faces from the axis of symmetry. As can be seen, simulation closely models
the form of the cutting edge for both cases. However variation of parameters

is higher for the smaller edge as compared to the more processed one. The
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Figure 6.12: Asymmetric edge preparation for rotation angle of 20° for foil
thickness of (a) 50 pm (b) 100 pm.

influence of the initial edge condition on the prepared geometry was elaborated
in the previous section. This effect is more significant for asymmetric edge
preparation since it is the form of the edge that is of interest as opposed
to its overall curvature (cutting edge radius). As can be seen, although the
predicted asymmetric geometry is close to the experimentally created one for
smaller edge that is prepared by a foil of 50 pum, there is a noticeable difference

in S,.. This difference is much smaller for an asymmetric edge prepared by a

foil of 100 pm.
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Figure 6.13: Asymmetric cutting edge characterization parameters.

Table 6.3: Asymmetric edge characterization parameters

Parameter Foil Thickness(pm) Sq(pum) 74(pm) Sp(pm) S, (pum)
Experimental 50 2 36 38 23
Simulation 50 0 32 35 29
Experimental 100 2 o1 50 39
Simulation 100 2 47 50 38

6.5 Conclusions

The numerical simulation of EE-honing process was detailed in this chap-

ter. The modeling of localized wear at electrode sharp edges was facilitated by

considering the true crater shape on both the tool electrode and counterface

along with a realistic modeling of the overlapping craters on curvilinear pro-

files. This in turn enabled the geometric prediction of the EE-honed cutting

edges under different conditions. Numerical simulation predicted the edge ra-

dius value with maximum error of 14% for edge radius of 30 pum. This error

substantially decreased for higher radius values as for the edge of 53 pm it

was less than 1%. It was shown that this error is mostly related to the initial

geometry of the cutting tools which becomes less dominant as the processing
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time increases. Numerical simulation also predicted the geometry of asymmet-
rically prepared cutting edges. For a rotation angle of 20° asymmetric profile
was predicted with minimal error. These results verify the validity of the nu-
merical simulation. The simulation developed can therefore be employed for
the investigation of different influential parameters on the geometry of cutting

edges prepared by EE-honing process.
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Chapter 7

Conclusions and Future Work

In this chapter a summary of the achievements that have been accom-
plished during the course of this PhD research is presented. This is followed
by a proposal of ideas and alternatives that can potentially enhance the per-
formance and/or expand the application envelope of the process developed in

this research.

7.1 Conclusions

The significant effect of the geometry of cutting edge on almost every ma-
chining process response, detailed in Sec 1.2, has spurred the development of
several novel edge preparation techniques in the recent years. In line with
these attempts and based on an innovative idea, this PhD research project
aimed to develop and present the proof-of-concept of a novel edge prepara-
tion technique called electro-erosion edge honing. EE-honing takes advantage
of the inevitable and unfavorable localized wear at the sharp corners of tool

electrode in a sink EDM process. Sharp unprepared cutting edges used as
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electrodes are eroded into a desired geometry while ED-machining of an ap-
propriate counterface. In addition to the preparation of cutting edge with
EE-honing, a novel method for geometric characterization of the cutting edge
is also proposed. A summary of the results attained in this thesis research
follows:

The process development of electro erosion edge honing was detailed in
Chapter 3. High speed steel inserts of the simplest geometry were honed while
ED machining of a flat plate counterface. The significant influence of electrode
to counterface wear ratio on the geometry of prepared edges was demonstrated
which led to the identification of a threshold wear ratio that generates the de-
sired circular geometry. Through experimental wear ratio measurements, alu-
minum with positive polarity was shown to provide the threshold wear ratio
and thereby capable of honing sharp unprepared HSS tools. EE-honed tools
were then evaluated in terms of their geometric consistency and tool perfor-
mance. A cutting edge measurement methodology based on optical microscopy
was developed for geometric evaluation of the prepared inserts. Cutting edge
radius variation was shown to be less than 5% along the cutting edge and be-
tween inserts prepared under the same condition. Experimental cutting tests
revealed the four-fold enhancement of the life of EE-honed tools as compared
to sharp unprepared ones.

The application envelope of EE-honing process was then expanded to in-
clude complex geometry cutting tools as well as to prepare carbide tools being
the most common cutting tool material in metal cutting industry. To ensure
the uniform engagement of the entire length of the cutting edge regardless of
the macrogeometric complexity, the innovative idea of using foil counterfaces,
as opposed to the thick plate previously employed, was applied. Taking ad-

vantage of this idea, cutting tools having macrogeometric complexities such

136



Ph.D. Thesis - N. Z. Yussefian McMaster - Mechanical Engineering

as curvilinear edges, nose radius and chip breakers were prepared. Electro-
discharge machining of carbide tools brought about a number of challenges, a
major one being the difference in electro-thermal properties of the carbide ma-
trix elements. The systematic methodology to identify EDM parameters that
yield the most stable machining process while preserving surface integrity was
detailed in Chapter 4. The EE-honing process was then evaluated in terms
of process duration, geometric repeatability and tool life tests. Preparation
time as low as 1.5 s/mm was achieved. Edge radius variation was shown to
correspond to only 13% along the complex macrogeometric cutting edge as
well as between inserts that were similarly prepared. As the final criterion,
EE-honed inserts achieved the same life of brush-honed ones of the same radii.

Symmetric circular cutting edge geometry was generated on sharp unpre-
pared edges of cutting tools during the course of developing the EE-honing
process in chapters 3 and 4. However, the evolvement of advanced edge prepa-
ration techniques resulted in the creation of engineered cutting edge micro-
geometries in the recent years most of which could not be represented by a
single edge radius value. Therefore, an innovative application of parametric
quadratics to model and characterize the cutting edge was developed and de-
tailed in chapter 5. Free-knot B-spline curves were first applied to separate the
cutting edge from the rake and flank lines. This method was shown to be ro-
bust against edge profile point uncertainty and also the distance from the edge
tip over which the edge profile is considered for modeling. Once the cutting
edge is identified, a set of four parameters derived from the quadratic para-
metric equation of the cutting edge are used to characterize symmetric and
asymmetric edges. This set of parameters is contour-based, comprehensible
and influential on machining process behavior.

Finally, a numerical simulation of the EE-honing process was developed to
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provide a deeper insight into the process behaviour. True crater geometry and
a realistic modeling of overlapping craters on curvilinear profiles enabled the
modeling of localized electrode wear at sharp electrode corners. In addition,
simulation facilitated the explanation of the effect of wear ratio and foil coun-
terface on EE-honing process. Finally, the developed numerical simulation
was verified by experimental EE-honing tests for different foil thickness values
for both symmetric and asymmetric cutting edge preparation. It was shown
that as the processing time increases, the variation of the simulated profile to
the actual edge profile decreases. This was shown to be related to the initial

condition of unpreprad cutting edges.

7.2 Future Work

In this thesis, the proof-of-concept of electro-erosion edge honing was pre-
sented. Even though it was shown that EE-honed inserts achieve the same
tool life of brush-honed ones with same radii, there are still several potential
ways to further enhance the performance of this process.

EE-honing process was applied to cutting tools with a single set of baseline
parameters which were systematically identified. Alternatively progressive de-
crease of pulse energy could be employed during the roughing, semi-finishing
and finishing processes to acquire better surface integrity. To enhance the
surface integrity of the prepared tools, application of secondary processes such
as thermal annealing [64] and finish micro-blasting [71] are also advisable sub-
sequent to the EE-honing process. EE-honing process parameters can be fur-
ther optimized by adopting strategies such as pulse shaping [69]. Moreover, it
would be of interest to investigate the use of dielectric fluid mixed with nano-

powders as it is advised [67] to increase the surface integrity without affecting
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the removal rate. The performance evaluation of EE-honed tools subsequent
to vapor deposited coatings [63] is also of special interest.

In addition to the prospective improvements that this process can adopt
by the above mentioned approaches, there are several application alternatives
which can get EE-honing to its full potential. One of them is devising ways to
prepare variable edge radius along the cutting edge. In these tools, the cutting
edge radius increases along the nose section of the cutting edge with respect
to the increase of undeformed chip thickness. Such preparation is particularly
important in applications where undeformed chip thickness is small compared
to edge radius (e.g. hard turning and micro-machining).

Electro-erosion edge honing is based on electrical discharge machining.
This process has been applied on carbide cutting tools being a metal matrix
composite of tungsten carbide (WC) grains (as well as TiC and TaC for some
grades) in a cobalt binder [86]. Polycrystalline diamond (PCD) tools consist
of nonconductive diamond grains in a metallic cobalt binder. This renders the
super hard PCD tools electro-discharge machinable. Therefore, EE-honing
process can be applied to hone the cutting edge of PCD tools based on the
same principles. This would be particularly important since EDM, along with
grinding, are the major processes to cut PCD tools into the required shape [87],
therefore EE-honing process can be integrated to the PCD tool manufacturing
process. While EE-honing PCD tools a major challenge would involve process
destabilization due to the dislodging of nonconductive diamond grains. Last
but not the least, techniques have been developed that facilitate the ED-
machining of electrically non-conductive materials [88]. Employment of such

techniques can enable the EE-honing process to prepare ceramic cutting tools.
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