ABSTRACT
SUIT, BRANDON MICHAEL. Analysis of Accelerated Tool Wear and Built Up Edge When
Diamond Turning Ferrous Materials. (Under the direction of Dr. Thomas A Dow.)
As applications in the diamond turning industry expand, the need for more wear resistant
materials, such as steel, increases. The prospect of diamond turning steel is hindered by two
complexities of machining: Built Up Edge (BUE) and tool wear. Accelerated tool wear rates
are believed to be caused by the chemical affinity between the iron of the workpiece and the
carbon of the tool. The formation of a BUE is believed to be due to temperature, strain
hardening and adhesion properties between the workpiece material and the tool. Both of
these factors limit the ability to produce a specular surface because they change the cutting
edge of the tool. AISI 1215 and 1045 steel was machined to compare the effects of a
workpiece’s carbon composition on tool wear and strain hardening properties on BUE. The
goal of this work is to provide an investigation into the effect of both of these factors when
diamond turning ferrous materials.
A previously developed scanning electron microscope technique was used to observe and
quantify the size of tool wear and BUE. This technique was extended to examine the BUE
adhered to the tool. Forces during machining were measured using a three-axis load cell.
Surface temperature measurements of the diamond tool were captured using a resistance
temperature detector. Surfaces were measured using contact and non-contact profilometers.
Machining experiments included cutting speeds ranging from 0.25 to 8 m/s, depths of cut
from 2 to 10 µm and feedrates ranging from nonoverlapping to 15 µm/rev.
Experimental results produced minimum tool wear rates with respect to distance when
machining 1215 and 1045 steel at 1 and 8 m/s, respectively. Temperature based models were
then defined to predict tool wear rate when machining both steel alloys. As cutting speed
increased, peak temperatures were predicted to increase due to additional heat generation.
Machining 1045 steel produced less temperature dependency for tool wear compared to
machining 1215 steel. This effect is believed to be due to two factors: higher percent of
carbon in the 1045 steel saturates the ability of the iron to react with tool’s carbon and the
tendency of 1045 steel to create a larger BUE that acts as a protective layer.

In comparison to 6061 aluminum, measurement of the machined grooves indicated the BUE
had a large presence when diamond turning the steel alloys. A cutting speed of 1 m/s created
the largest BUE when machining both steel alloys. As cutting speed increased, groove
analysis indicated the size of the BUE decreased. This effect of cutting speed is believed to
be caused by higher temperatures reducing the ability of a BUE to form. Measurements also
showed the size of the BUE correlating to the chip thickness. It is likely when machining a
thicker chip additional material has the ability to adhere to the tool. In comparison,
machining 1045 steel created a larger BUE than machining 1215 steel across all cutting
speeds, possibly due to the additional strain hardening strengthening the BUE.
Experiments also determined the best surface finish was produced at the highest cutting
speed when machining 1215 steel. This relationship corresponds to the relationship cutting
speed was found to have with BUE, rather than tool wear. Because of this, the machining of
specular surface on the steel alloys is believed to be inhibited more by the BUE rather than
tool wear. However, both factors contribute to changing the cutting edge and must be
suppressed in order to produce a specular surface.
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1. BACKGROUND
1.1 INTRODUCTION
The historical use of diamonds in the technological field dates back centuries. Diamond
pantographs and ruling engines were used to produce precise line spacing for gratings as far
back as the 16th century [1]. In 1779, Ramsden was first cited using a diamond tool to
produce a precision screw for a ruling engine [2]. Early in the 20th century, diamond turning
(DT) expanded for the production of mirror-like surfaces with optical functions. Weapons
research in the 1950’s motivated the design of machines to further the effectiveness of
diamond tools [1,3]. Presently, DT is used in the manufacturing of mirrors for laser guidance
systems, telescopes, and precision injection molds [4].
A Diamond Turning Machine (DTM) is a high precision lathe specifically designed to
minimize machining errors and maximize the effectiveness of the diamond tool. These lathes
are programmed via Computer Numerically Controlled (CNC) systems and utilize a
precision position feedback system, such as laser interferometry or glass scales. These
feedback systems provide fast response and nanometer level resolution to allow for rapid
repositioning of the tool and workpiece. DTMs are built on vibration damping materials and
utilize non-contact axes and spindles (hydrostatic oil bearings). Linear direct current motors
are used as well [5]. These components help reduce random machining errors. Repeatability
of the motion is extremely important in DT so potential error or limitations can be measured
and compensated for in the machining process.
Monocrystalline diamonds are used in ultra-precision machining because of their unique
characteristics. The high hardness (10000 Vickers Scale) of the material allows the obtaining
of a nanometer size cutting edge radius. Diamond tools are also resistant to wear if utilized
correctly. Previous research has shown the importance of considering the crystallographic
orientation for wear resistance [6]. Wear is an important characteristic in the DT process due
to its effect on the tool-workpiece interaction. Tool wear changes the cutting edge and
reduces its effectiveness in removing material.

1

The definition of a “diamond turnable” material was stated by Paul et al. as “the cost of tool
wear is acceptable in terms of the value of the component” [7]. Typical diamond turnable
materials are brass, aluminum, copper, electroless nickel and even brittle materials such as
germanium [8]. Depending upon the application, certain workpiece materials are used due to
higher wear resistance, stiffness or weight. Despite its ideal properties for many applications,
steel is not diamond turnable because of the amount of tool wear it produces. In comparison,
tool wear rates from steel have been quantified as 104 times greater than brass and 102 greater
than the most abrasive aluminums [9]. Steel is believed to induce a thermochemical wearing
mechanism because of the iron’s high affinity for the tool’s carbon [7-18].
Built Up Edge (BUE) is the occurrence of workpiece material adhered to the tool. Work
hardening materials, like steel, are most likely to form BUE. The formation occurs on the
cutting edge and rake face of the tool during machining. As the BUE grows it becomes
unstable and breaks off, only to form again in a cyclical fashion. The occurrence of BUE can
cause poor surface finish and form because it effectively changes the cutting edge of the tool.
BUE may also affect tool wear due to the separation it creates between the workpiece and
cutting edge of the diamond tool. During DT, reduction of BUE is vital to reach the main
objective of creating a component with the correct surface finish and form. General reduction
methods include the use of cutting fluids, increasing cutting speed or tools with negative rake
angles [19].
The entire purpose of DT is to create a workpiece with the proper surface finish and form.
The finishes are often on the nanometer level and are extremely sensitive. Understanding the
cause and effect of tool wear and BUE is important so that modifications to the setup may be
made. Eventual modifications may lead to effective solutions for the DT of steel alloys. This
research focuses on development of a tool wear and BUE model when DT ferrous materials.
An investigation of the effect of tool wear and BUE on surface finish is also presented.
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1.2 THE CUTTING PROCESS
Generally there are two types of machining: orthogonal and oblique. In oblique machining
the cutting edge of the tool is at an angle to the relative motion while orthogonal turning
refers to a cutting edge perpendicular to the relative motion. Most often milling and drilling
are referred to as oblique cutting while turning is referred as orthogonal cutting [20]. Figure
1-1 provides a schematic of each type of cutting.

Figure 1-1. Cutting models: (a) Orthogonal, (b) Oblique [19].
Experiments in this thesis utilize orthogonal turning. Orthogonal turning simplifies the
process by reducing the complexity of chip geometry as well as stress and strain vectors. Past
research at the Precision Engineering Center (PEC) has utilized orthogonal turning
[8,12,15,20].
1.2.1 UNCUT CHIP CROSS SECTION
Depending on the type of diamond tool and the machining parameters, the uncut chip
geometry will change. This research utilizes both straight nose diamond tools (infinite radius)
and 0.5 mm round nose diamond tools. The straight nose diamond tools were combined with
disk workpieces similar to previous research done at the PEC [8,12,15]. Round nose tools
were combined with nonoverlapping and overlapping feedrates. Nonoverlapping feedrates
produced grooves on the face of a workpiece, while overlapping feedrates produced a
diamond turned surface. Figure 1-2 presents the uncut cross sectional shape of the chip for
each type of experiment.
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Figure 1-2. Cross sectional chip area for (a) straight nose diamond tools and (b) round nose
diamond tools.
Straight nose diamond tools produce a rectangular uncut chip with the specified depth of cut
(DoC) and chip width ( w) . The chip thickness is equivalent to the DoC for this geometry.
Equation (1.1) is the uncut cross sectional area of this chip ( Ac ) .

Ac  DoCw

(1.1)

Round nose diamond tools with a nonoverlapping feedrate produce an uncut chip area as a
function of the DoC and the radius of the tool ( Rtool ) . This relationship is equivalent to a
segment of a circle with the tool’s radius. The chip thickness changes due to the radius of the
tool, while the chip width is shown in Figure 1-2(c). Equation (1.2) is the uncut cross
sectional area of the chip as a function of DoC and tool radius.
Ac  Rtool 2 cos1 (

( Rtool  DoC )
)  ( Rtool  DoC ) 2 Rtool DoC  DoC 2
Rtool

(1.2)
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The uncut cross sectional area of an overlapping cut has a complex geometry that cannot be
defined as a simple rectangle or component of a circle. The derivation of the area for an
overlapping cut with a round nose diamond tool was provided in Arcona’s work [21].
Equation (1.3) is the resulting relationship where f rev is the feed per revolution and  2 is
provided by Equation (1.4).  2 is defined to be the angle of contact.
Ac  Rtool f (1  cos(2 ))  f rev 2 sin(2 ) cos(2 )

 2  cos 1 (1 

DoC
)
Rtool

(1.3)
(1.4)

Figure 1-3 is a cross sectional view of the chip formation process. The chip is formed
through a thin primary shear zone that extends from the tip of the tool to the surface of the
workpiece. This shear zone is defined by the shear angle ( ) . Shearing in the primary zone
does not occur uniformly, but rather by the intermittent failure that causes the chip to have a
sectioned or lamellar appearance [19]. A card model is an often described comparison as
each section is a playing card sliding over the rest of the deck. Arcona verified this sectioned
appearance by examining chip cross sections through a scanning electron microscope (SEM)
[21]. Images also indicated much of the deformation of the chip occurred through these thin
shear regions.

5

Figure 1-3. Cross sectional view of chip formation.
A secondary shear zone can occur between the rake face of the tool and chip. Because of the
high pressure the chip exhibits on the tool, sliding friction occurs between these two
components [22]. If the shear stress produced from the sliding friction is higher than the yield
stress of the material, the chip becomes adhered to the rake face of the tool. Due to this, the
shape of the chip may further deform.
The rake ( rake ) and flank ( flank ) face angles are defined with respect to the vertical and
horizontal axis, respectively. In both the straight and round nose tools, the rake angle is 0°
and the flank angle is 6°. The flank angle of the round nose tool is obtained by lapping it with
a conical geometry. This keeps the flank angle constant, while slightly reducing the nose
radius slightly during relapping.
1.2.2 CHIP FORMATION MODELS
Analytical Solutions
Initial modeling of chip formation began with simple analytical solutions. Ernst and
Merchant developed a force diagram similar to that of Figure 1-4 [23]. The theory treats the
chip as a separate body under two equal, but opposite resultant forces from the tool and
workpiece.
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Figure 1-4. Force diagram developed by Ernst and Merchant.
Merchant’s theory defines the forces acting on the chip as R and R ' . These are defined as
equal but opposite, resultant forces from the tool and workpiece, respectively.
The force components acting on the chip from tool are defined by using the friction angle
(  ) . F is parallel and N is perpendicular to the rake face of the tool.

The force acting on the chip from the workpiece is defined in two orientations for an analysis
purpose. The first is in the horizontal and vertical direction with cutting ( FC ) and thrust ( FT )
components. The second is in orientation with the shear zone to provide the parallel ( FS ) and
perpendicular ( N s ) components.
Using resultant force relationship, the cutting force and thrust force can be solved for in
terms of the rake angle and tool force components:

F  FT cos(rake )  Fc sin(rake )  FT  F

(1.5)

N  Fc cos(rake )  FT sin(rake )  Fc  N

(1.6)

Since the work within this thesis consisted of strictly 0° rake angle tools, the cutting and
thrust force are simplified to the perpendicular and parallel force components with respect to
the rake face as shown in the equations above. These components are the values measured by
the load cell discussed in Section 2.3.
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With the previously defined relationships, the force components parallel and perpendicular to
the shear zone are solved for in terms of the cutting force, thrust force and shear angle:

Fs  FC cos( )  FT sin( )

(1.7)

Ns  FT cos( )  FC sin( )

(1.8)

Ernst and Merchant then derived the following relationship for the shear angle with respect to
the friction angle and the rake face angle:

  45 

 rake
2




2

(1.9)

Progression of the analytical tool model occurred by a number of researchers. This is
extensively reviewed by Arcona [21].
The shear plane angle can be obtained through experimental measurement in terms of the
measured DoC, chip thickness (tchip ) and rake angle [19]. This research utilizes zero rake
angle tools and simplifies the shear angle to a function of chip thickness and DoC. Due to the
conservation of mass and assumed constant density of material during cutting, the shear
angle is also a function of cutting velocity ( c ) and chip velocity (vchip ) .

  tan 1 (

v
DoC
)  tan 1 ( chip )
tchip
vc

(1.10)

As the shear angle increases, the chip thickness reduces and the velocity increases. Similarly,
the chip’s thickness will increase and velocity will reduce if the shear angle decreases. The
effect of the shear angle on forces and stresses is discussed in the following section.
The shear stress ( s ) and normal stress ( s ) occurring during cutting can be defined by the
area of the shear plane and force components parallel and perpendicular to it. The area is the
product of the DoC, contact length and shear angle. Equations (1.11) and (1.12)

s 

Fs sin( )
DoCw

(1.11)

s 

N s sin( )
DoCw

(1.12)
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Slip Line Field Solutions
Lee and Shaffer approached the problem using slip line field analysis [24]. Arcona
summarized the work of Lee and Shaffer as “By having assumed a rigid-plastic material,
uniform stress distribution on the tool rake face, deformation in a single shear plane,
negligible material response to strain rate and temperature variations, they arrived at the
shear angle solution corresponding to maximum shear stress that is given by [Equation (1.13)
] [21]:”

  45    rake

(1.13)

Figure 1-5. Schematic of cutting process in a slip line model [25].
Figure 1-5 shows an example of a slip line field modeling the cutting process. Slip line field
analysis is an approach to model plastic deformation in plane strain only [26]. The
component is treated as a rigid-plastic body. This is defined as a material that is rigid below
the yielding stress and effectively has a Young’s modulus of infinitely great value. Slip lines
are defined as curves whose directions at every point coincide with the maximum shear
strain-rate. A few assumptions must be made for this analysis:
1. Plane strain deformation only (no strain in 3rd dimension)
2. Quasi-static loading (time independent)
3. Isothermal system (constant temperature)
4. No body forces (gravity)
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The model was furthered by Palmer and Oxley who used very slow speed experiments (0.51
in/min) on mild steel to compare with model results [25]. Incorporation of a variable stress
along the shear zone to provide accurate solutions led to the conclusion of strain hardening
occurring within the process. This effect was believed to be due to strain hardening rather
than thermal softening because of the low speed nature of experiments.
After analyzing slip line field solutions and possible changes to the set parameters, Dewhurst
concluded a unique solution describing chip formation could not be defined for a specific set
of machining parameters [27]. He hypothesized the reasoning based on random machining
occurrences or the initial tool and workpiece contact changed the steady state flow.
Conclusions
Material removal in metal cutting is a complex process. Although the concept of chip
formation is simple in terms of the material removed from the workpiece, the process has
many factors affecting it. These not only include the machining parameters, but also the
material properties, tool, machine and environment. Development of a chip formation model
provides insight into how these factors affect the geometry of the chip, surface of the
workpiece as well as stresses and heat imparted on the tool.

1.3 PRESENCE OF BUILT UP EDGE
A large difficulty in general machining is the formation of a BUE. BUE is the presence of
material adhered to the cutting edge and rake face of the tool. During machining, BUE
becomes the “tool” in contact with the workpiece rather than the diamond itself. Because of
this, it has significant effects on surface finish, tool wear and chip formation [28]. Its
formation is a difficult one to understand due to many affecting factors such as workpiece
material, tool material and machining parameters. Much research has investigated these
parameters using general carbide and high speed steel tools [28-32]. Few references were
found investigating the effects of BUE in DT although Khan et al. mentioned BUE to be the
cause of surface roughness variation across cutting speeds when DT Al-6061 [33].
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Figure 1-6. (a) Schematic of BUE in the cutting process [31] and (b) SEM image of BUE
during machining 1215 steel at 1 m/s.
1.3.1 FORMATION AND EFFECTING FACTORS
Shaw characterized the formation of BUE as a function of cutting speed and temperature
[19]. At extremely low speeds, the temperature of the chip region in contact with the tool is
not high enough to transform the material into a ductile phase. With increasing the cutting
speed, the chip exhibits a higher ductility and plastic deformation occurs. This in turn causes
the chip to adhere to the tool due to the shear stress produced from frictional force
overcoming the shear strength of the material. The section of the chip eventually sticks to the
tool and breaks off from rest of the chip. BUE progresses by adding layers through the
repeated plastic deformation and shear stress process. Eventually the extension of the BUE
from the tool creates a high enough stress to break the material free from the tool. Formation
of the BUE then begins again in a cyclical process.
Iwata and Ueda combined SEM observations of machining with BUE with strain analysis to
investigate the formation of BUE. They determined BUE forms along the secondary shear
zone within the chip-tool contact area due to “extensive shearing.” They also summarized the
most important factors as cutting speed temperature, strain hardening of the workpiece and
adhesion properties between the tool and workpiece [28].
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Tomac et al. summarized factors affecting BUE: cutting temperature, cutting speed, strain
hardening, adhesion properties and plastic flow of the work material [34]. Interlocking of the
asperities due to high pressure and temperature at the contact area of the chip and tool was
theorized to produce strong adhesion and allow the BUE to form. They also concluded very
low and high cutting temperatures due to cutting speed variation inhibit the formation of
BUE. Multi-phase metals such as steels also were deemed to produce noticeable BUE in
comparison to pure or single-phase metals due to the formation micro-cracks in the alloyed
material.
Heginbotham et al. defined BUE as ‘work-hardened layers’ which is another term for strain
hardened material [30]. By delving further into the formation of BUE they defined four types
using quick stop techniques. These experiments consisted of variable cutting speeds with a
steel alloy workpiece and cemented carbide tools. Figure 1-7 shows a schematic of each type.
They concluded the geometry and size of BUE was dependent upon cutting speed and
temperature. As the cutting speed increases, the BUE transitions from shapes 1 to 4 of Figure
1-7 due to thermal effects. Eventually, the cutting speed and temperature becomes great
enough to eliminate BUE altogether.

Figure 1-7. The four types of BUE defined by Heginbotham et al. [30].
12

The relationship between temperature, BUE formation and surface finish was further
investigated by Bandyopadhyay [32]. Bandyopadhyay conducted experiments by preheating
the high speed steel tool tips to various levels using an electrical current and a thermocouple
feedback system for control. A chromium-steel alloy was cut with a carbide tool at various
preheated temperatures (unheated, 400°C-600°C) and oscillograms of the surface were taken.
The prevention of BUE by thermal effects was confirmed by the optimization of the surface
finish and less variation in the cutting and thrust force measurements as the preheated tool
temperature increased. A preheated tool effectively creates the high cutting speed
temperatures at lower cutting speeds.
Chao summarized the formation of BUE as a product of cutting speed and feedrate [29].
Using carbide tools, machining parameters were varied to define their relationship with the
formation of BUE. The combination of the cutting speed and feedrate were believed to affect
the friction conditions between tool and chip. This would then produce a more adherable
surface for the BUE to weld onto. Heginbotham concluded similar results as well for the
feedrate and cutting speed effect [30].
1.3.2 MODELING
As a continuation of previous work in modeling the cutting formation using slip line field
analysis, Dewhurst and Fang developed a slip line field model for the formation of BUE [35].
Figure 1-8 displays a comparison of the slip line field models with and without BUE. The
addition of the BUE adds an addition curvilinear triangular region CHE.
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Figure 1-8. Slip line field model (a) without BUE and (b) with BUE [35].
Following similar guidelines for slip line field models (discussed in Section 1.2.2), Fang and
Dewhurst proposed the model to predict the length, height and shape of the BUE. The BUE
was basically treated as an extension of the tool by implementing the requirement that
segment CE approach the rake face tangentially. This means the chip-tool frictional shear
stress must be equal to the material’s shear strength at point E. In the region where the BUE
is formed (segment HE) the frictional shear stress is greater than the materials shear strength
and the BUE stays adheres to the tool. In the region with no BUE on the tool (segment EG),
the shear strength of the material is greater than the shear stress and allows the chip to
continuously flow without adhering.
Computational modeling and experimental observations produced similar results. In
conclusion, Fang and Dewhurst hypothesized the formation of BUE does not need the effects
of strain hardening, strain-rate sensitivity or thermal softening effects kim built. Although
this may be true, it does not exclude the possibility of these three factors affect the formation
of BUE, but only that they are not required.
Kim et al. developed a visco-plastic finite element model to predict flow field characteristics
when machining a low carbon steel with a carbide tool [36]. A visco-plastic model treats the
workpiece material as a viscous fluid due to the high temperature and strain rates that occur
during cutting. The model indicated the presence of stagnant work material (BUE) ahead of
the tool rake face where extremely high strain rates were also found.
14

1.3.3 EFFECT ON TOOL WEAR
Conducting experiments with high speed steel tools and mild steel workpieces, Ramaswami
theorized BUE affected tool wear by increasing abrasive and adhesive wear but provided an
absence of diffusive type wear [31]. Work hardened particles from the formation of BUE
were more abrasive on the tool and caused fracture. Diffusive wear was eliminated due to the
protection the BUE provided the tool from material flow. Bowden et al. conducted frictional
sliding tests with steel on diamond and showed the potential for BUE formation at the
interface to protect the diamond from wear [37]. In DT steel materials, wear is believed to be
largely due to diffusive so BUE potentially reduces wear of the diamond.
1.3.4 DIAMOND TURNING AND BUILT UP EDGE
Evans summarized the previous research of Merchant of the effect of BUE on DT AISI 1035
Steel [38]. It was noted that BUE formed on the diamond tool and caused a poor surface
finish in comparison to the theoretical finish. Interestingly, the diamond’s cutting edge was
said to remain sharp and even, but the method of observation nor measurement was not
mentioned. These observations would agree with Ramaswami and Bowden’s conclusions of
BUE acting as a protective layer for the tool [31,37]. Merchant’s specific article could not be
found.
Kahn et al. conducted DT experiments on 6061 aluminum to investigate the effect of tool
feed rate on surface finish and form. The investigation did not specifically investigate BUE,
but it was mentioned as a factor affecting the “natural surface roughness” if all other errors
were eliminated. An optimal feedrate was determined between 1.5 and 8 µm/rev with suboptimal results on either side of this range. The causation of the less than effective higher
feedrates may be due to the formation of BUE due to relative thicker chips. Although this
was not concluded by Kahn et al. other research did point towards feedrate as a factor
affecting the size of BUE [29,30].
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1.3.5 SUPPRESSION OF BUILT UP EDGE
Besides increasing the temperature of the cutting process through preheating the tip or
cutting speed as cited by multiple researchers that were discussed above, there are other
options for eliminating BUE. Shaw cited three other main options for eliminating the
presence of BUE [19]:
1. Use metal that is less ductile / more brittle
2. Negative rake angle
3. Use fluids (effective at low cutting speeds)
The solution to use a less ductile material is due to the formation of BUE being supported by
plastic deformation. Brittle materials are known to not cause BUE formation during
machining because of the inability of the material to deform. A negative rake angle also
increases the tool-chip temperature and produces a similar result as increasing the cutting
speed. Fluids potentially provide lubrication between the chip and tool but are only a viable
option when there is ample time for the fluid to reach the shearing area (low speeds).
1.3.6 CONCLUSIONS
Although much of the previous research discussed here deals with general machining
operations using carbide and high speed steel tools, it still provides a basis of the formation
and effects of BUE in DT. Figure 1-9 is a comparison of the same machining parameters on
1215 steel with a diamond tool and carbide tool. The general form of the BUE is identical as
it is adhered to the rake face while also covering the cutting edge. Both tools also have BUE
that extends away from the rake face. This provides reasonable support that BUE affects DT
in similar ways as general machining operations.
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Figure 1-9. BUE produced from turning 1215 steel with a nonoverlapping feedrate at 0.25
m/s.
Previous research has pointed out the requirement of temperature for initial formation of
BUE, but also its ability to weaken and remove it. Figure 1-10 is the general proposed
relationship between cutting speed and the size of BUE.

Figure 1-10. Effect of cutting speed and subsequently temperature on the formation of BUE.
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BUE formation is a difficult process to understand and control. Despite a plethora of
previous research devoted to understanding the formation of BUE in general machining
operations, understanding of the formation process may still be incomplete. Adding in the far
from ordinary DT operations needed for creating a specular surface, the formation of BUE in
DT is even less understood. Nevertheless though, suppression of BUE by the effects of
cutting speed, chip size, temperature, rake angle and cutting oil are well understood in
general machining operations. In this thesis, the effects of a few of these parameters on the
presence of BUE in DT ferrous materials will be examined.

1.4 DIAMOND TOOL WEAR
In general machining operations, tool wear is always an important factor to consider due to
the effect it has on the cutting process. Eventually tools must be replaced once they become
ineffective in producing components. Research in understanding tool wear, the effect of it
and how to combat it has been going on for decades.
Tool wear is extremely important in DT because of the effect it has on the main goals: good
surface finish and form accuracy. As the tool wears, the cutting edge changes and theoretical
finish is no longer possible. Tool wear rate is responsible for effectiveness of machining a
certain material. The effect of tool wear on surface finish while turning aluminum was
investigated at the PEC by Drescher [20]. Drescher’s research showed aluminum was
diamond turnable because tool wear accumulated at slow enough rates to allow large cutting
distances (10’s of kilometers) without deterioration in surface finish. In comparison, ferrous
materials wear diamond tools over 100x faster [9].
It is general knowledge in the precision community that steel is not diamond turnable due to
the accelerated tool wear. Although there has been much debate over a single significant
wearing mechanism it is agreed upon it deals with chemical effects. The complexity of
understanding diamond tool wear is due to the micron level size of the cutting process
combined with the dynamic change in material properties at the tool-workpiece intersection.
The following subsections describe wear geometry, define the wear rate, and outline previous
research about wearing mechanisms.
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1.4.1 WEAR GEOMETRY
Cross Sectional Wear Area
Figure 1-11 is a schematic of a typical diamond tool worn cross section. The wear is best
characterized as an enlargement of the cutting edge radius ( Rworn  Rnew ) combined with an
extended land of wear on the flank face. Crater wear was also seen to be common in DT steel
[8,15]. Usually this wear land consists of a very shallow pit only a few nanometers deep but
hundreds of micrometers long. The combination of the enlarged cutting radius and flank wear
land combines with comparison of a freshly lapped tool to provide the worn cross section
seen in Figure 1-11. Lane and Hesler both noted the development of the wear land at an angle
to the cutting motion [8,15]. This angle was not found in the wear lands after machining
Aluminum 6061, a non-chemically reactive material.

Figure 1-11. A cross-sectional schematic depicting a worn diamond tool.
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Groove Wear
In the dimension perpendicular to the plane of the page in Figure 1-11, a variation in wear
was observed to be significant during the groove experiments. Localized grooves would form
at the ends of contact region. This is similar as to groove seen in overlapping cuts as they are
spaced by the effective feedrate. These grooves would have as much as 10x the amount of
worn cross section than the rest contacted region. In relationship to the chip thickness, these
would be overlapped with the thinnest parts of the chip.

Figure 1-12. Localized groove wear depicted at both ends of contact region.
Groove wear similar to what is seen in this thesis has been researched previously with the use
of carbide tools. Ramaswami mentioned accelerated groove wear occurring at the
intersection of the tool and workpiece during the investigation of BUE on tool wear [31].
Shaw investigated the cause of groove wear when machining refractory metals such as
Waspaloy (Nickel-Chromium alloy) [39]. The chips were initially noticed to be red hot on
the edge rather than the center. Using a plane stress analysis rather than a plane strain
analysis (which is most often in orthogonal turning), Shaw concluded there was a higher
energy density at the chip’s edge when machining high temperature alloys. It’s important to
note, Shaw stated steel alloys as the contrasting component to these alloys such as Waspaloy.
Unfortunately, the relative sizes of the groove wear were not specified. Potentially groove
wear could occur when machining all metals because of theorized higher energy density; just
not at the extreme case in which Shaw found relevant to report. In DT, this would need to be
only a few micrometers in size to be considered relevant and damaging.
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Previous research at the PEC characterized wear in the cross sectional form [8,15]. Wear rate
in this thesis will be considered on a volume basis to account for the variability in wear land
on the round nose tools. Lane extensively reviewed wear rate and previous definitions [15].
1.4.2 WEARING MECHANISMS
A variety of mechanisms can contribute to the wearing of diamond tools during machining.
Evans summarized the wearing mechanism of diamond tools into four main sections [38]:
1. Adhesion: BUE formation and removal
2. Abrasion: Fracture from fatigue and hard inclusions
3. Tribothermal: Thermal degradation
4. Tribochemical: Oxidation, diffusion, graphitization
Abrasive and chemical wear are generally believed to be the main two forms of tool wear
during DT. The significance of either lies in the type of workpiece material being machined.
Abrasive Wear
During machining of all materials, abrasive wear of the diamond tool occurs. This is the
fracture and weakening of the cutting surface due to repeated contact with hard particles in
workpiece. Abrasion is main form of wear for materials not exhibiting a chemical reaction
with the diamond tool. Despite being the hardest material known to man, diamond still feels
the effect of abrasive wear, albeit at a low rate [6]. Generally, this does not inhibit commonly
diamond turned materials such as Al-6061 [8,14,15,20]. Archard developed an abrasive wear
model dependent upon the flank force ( Ff ) , the sliding or cutting distance (d c ) , and a
constant of proportionality ( K ) . This provided the total volume of worn material (V ) in
Equation (1.14).
V  Kdc Ff

(1.14)

Lane et al. compared the tool wear DT of Al-6061 and 1215 steel because of similar sized
asperities and hardness values. This research provided further evidence abrasion was not the
main factor in tool wear while machining ferrous materials. Comparable wear from the Al6061 was measured at a 1000x longer cutting distance than 1215 steel.
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Chemical Wear
Chemical wear occurs due to the inherent nature of the workpiece material to react with the
diamond tool’s carbon makeup. While DT ferrous materials, it is believed the iron in the
workpiece has a high reactivity for the carbon of the diamond tool. The rates of these
processes depend upon the amount of energy required, the amount of energy available and
the environment. In general, the Arrhenius equation has been used to model chemical
reaction rates with a dependency on an activation energy, temperature and pre-exponential
constant. The activation energy (E a ) is a measurement of the energy required for the
reaction to occur, peak temperature (Tpeak ) is a measurement of the energy present for the
reaction to use, ( R ) is the universal gas constant, (𝐷) is the reaction rate and (𝐷𝑜 ) is a preexponential constant. Equation (1.15) is the relationship and Figure 1-13 is an example of
the effect of the activation on the reaction rate. This model will be advanced using the
experimental results of machining 1045 and 1215 steel.
 Ea
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Figure 1-13. Effect of Activation Energy on reaction rate as modeled by the Arrhenius
equation.
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Although chemical wear can occur through oxidation, graphitization and diffusion, the last
two are most often cited in research to be the primary mechanisms. Graphitization is the
transformation of diamond into graphite due to exposure of elevated temperatures. Once this
occurs the material then becomes mechanical weak and can be easily swept away. Diffusion
is the process of carbon filling vacancies in the solid metal lattice. Often it is hard to
distinguish between either due to the micro amount of carbon that is worn [7].
Regardless of which form is the main wearing mechanism, the process is controlled by the
limiting step of the reaction. Paul et al. stated graphitization occurs at a low rate without the
catalytic presence of either a reactive metal or oxygen because of the tight carbon lattice [7].
It was quoted that previous research estimated the activation energy without a catalyst was
between 730 and 1060 kJ/mol. Diffusion rates depend on the amount of energy needed for
carbon atoms to move into the workpiece. The energy required considers the amount of
contact area, number of vacancies, and distance between vacancies. Paul et al. cited the
activation energy required for carbon into α-iron was 84.1 kJ/mol. According to the
Arrhenius equation, this would mean diffusion occurs at lower temperatures rather than
graphitization unless there are other factors, such as catalysts, to consider.
Either of these mechanisms can occur more easily with the presence of catalysts. Metals and
oxygen can reduce the amount of energy required to overcome the hill that is the transition
step for the chemical reactions. Figure 1-14 is a schematic on what catalysts can do the
transition complex of a chemical reaction [7].
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Figure 1-14. Reaction diagram and the influence of catalysts on the transition steps.
During DT steel, the iron workpiece acts as a catalyst. Not only is steel chemically reactive
with the diamond tool, but other potential metals are as well. Paul et al. did an extensive
review on providing a roster of diamond turnable and non-diamond turnable materials. They
hypothesized the ability to diamond turn a material is related to the number of d-shell
unpaired electrons [7]. The presence of unpaired d-shell electrons increases the reactivity of a
material because of the need to pair these with another atom’s unpaired electrons. Forming
pairs of electrons leads to more stability in the electronic configuration. Carbon and iron
have four unpaired electrons to share each and are thus very reactive with each other.
Thornton et al. experimented with a large range of cutting speeds (0.16 to 30 m/s) and
variation in atmospheric pressure while DT carbon steel. They summarized the wear rate of
diamond tools was dependent on three main components:




Enhanced activity of a clean-surface reaction generated by machining
Elevated temperatures increasing the availability of energy for the reaction to occur
The effect of the workpiece and oxygen acting as a catalyst
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Clean surface reactivity was hypothesized by experiments low cutting speeds (0.16 m/s) and
the transition of wear rates when changing atmospheric pressure. The high wear rates at these
low cutting speeds were observed in the vacuum setting potentially due to the removal of
gaseous particles potentially blocking the reaction from occurring. The effect of elevated
temperatures was determined by the highest wear rates occurring at the highest cutting
speeds (30 m/s) with no effect of atmospheric pressures. Finally, the effect of oxygen was
hypothesized from the inverse relationship between cutting speeds and wear rates during the
medium ranged speeds (10-22 m/s). All of these experiments had estimated temperatures
below what is required for non-catalyzed graphitization of diamond (1800 K) but near the
temperatures required for graphitization of diamond with an oxygen catalyst (1000 K). The
inverse relationship was believed to be due to the ability of oxygen reaching the cutting
interaction only at the lower end of these cutting speeds.
Shimada et al. conducted erosion tests of diamond by contacting heated iron and stainless
steel wires in a vacuum [10]. They summarized their results into two main sections:
temperatures above and below 1000 K. For temperature above 1000 K, diffusion of carbon
into iron was believed to be the main wear mechanism while temperatures below 1000 K
oxygen acted as a catalyst for carbon to form oxides.
Komanduri et al. performed grinding experiments and came to the conclusion of
graphitization as the main mechanism [18]. Adding to this, diffusion of the graphite into the
iron workpiece can occur because of the intimate contact and extreme amounts of pressure.
Observations also noted grooves parallel to the direction of cut on the worn areas and
contributed these to preferential graphitization along the slip planes. Similar grooves were
noted in the experiments of this thesis.
Zou et al. performed frictional wear tests of monocrystalline diamonds and summarized three
main factors in wear rate [40]:




Mechanical force
Sliding velocity
Carbon content of workpiece
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They defined the wear mechanism of diamond as graphitization and diffusion as well as
oxidation. Using basic heat transfer theory a dependence on force and cutting velocity also
implied a dependence on tool temperature.
Hesler conducted disk experiments with monocrystalline diamonds and estimated peak
temperatures using Finite Element models (FE) [8]. Using the Arrhenius equation, tool wear
rate was correlated to estimated peak temperatures. A transition of factors affecting tool wear
rate was also noted at a cutting speed of 1 m/s. At cutting speeds lower than this, a clean
surface reaction combined with extended the contact period was believed to be the main
cause of wear. At higher speeds, the tool wear rate was dependent upon the temperature of
the tool.
Previous research has consistently shown the main contributor to diamond tool wear while
machining steel is chemical wear. Diamonds turning experiments as well as grinding, static,
and frictional tests have all provided similar evidence. Regardless of whether graphitization
or diffusion is the main wear mechanism, the wear process is dependent upon the energy
needed and energy available. Catalysts can modify the reaction rate due to reduction in
energy needed for wearing to occur. Observation of wear lands as well as measurements can
provide insight into the formation and geometry of wear.
1.4.3 SUPPRESSION OF DIAMOND TOOL WEAR
A large range of modifications to the DT process have been made in an attempt to suppress
tool wear while machining ferrous materials. Methods have included tool modifications and
process modifications in an attempt to reduce the chemical reaction that occurs during DT of
steel. However, according to Brinksmeier et al., none of these methods, even if combined, are
considered feasible enough for an economic solution to this problem [41].
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The effect of the atmosphere in diamond tool wear has been extensively investigated in
previous research. Casstevens conducted DT experiments on AISI 1018 and 1090 in a CO2
and CH4 atmospheres [42]. Minimal improvement in diamond tool life was determined under
turning in a CO2 atmosphere. Significant reduction in diamond tool wear was concluded
under the CH4 atmosphere. Surface finish was initially very good, but eventually deteriorated
as the cutting distance increased due to tool wear. Review of the surface finish was supported
by including pictures of steel workpieces with highly specular surfaces. Comparison of the
workpiece materials also proposed the hypothesis of higher carbon steels producing less tool
wear due to less available iron atoms to react in the workpiece.
However, Hitchiner et al. were unable to reproduce the effects of the CH4 and produced an
actual increase in diamond tool wear in comparison to turning in air [16]. They also turned in
a H2 atmosphere and observed an increase in diamond tool wear. A proposition of hydrogen
acting as a catalyst for the chemical reaction in diamond tool wear was proposed.
Brinksmeier modified the workpiece through a nitriding process that reduces the reactivity of
the workpiece with diamond tool [43]. The process bond iron atoms to nitrogen atom and
reduces its reactivity to carbon. Both turning and mill experiments produced a significant
reduction in diamond tool wear while also producing highly specular surfaces. Drawbacks to
this method are the nitriding process only produces a micro level thin layer of chemical
inactive material on the workpiece. Diamond turned components often have multiple
roughing passes and a final finishing pass that combines to remove more than the potentially
chemically inactive layer.
Evans conducted cryogenic DT of stainless steel to study the effects of temperature control
on tool wear. The experimental setup consisted of liquid nitrogen in contact with the tool
shank and workpiece. No tool wear was noticed at up to 400x magnification after machining
1000 mm2. Surface finish was better than 25 nm Ra with a 20x objective. However, potential
issues with this setup include the handling of liquid nitrogen and effects on drastic
temperature change in the machining setup and form of the workpiece.
Vibration-Assisted Machining (VAM) was extensively reviewed by Lane at the PEC [15]. In
comparison to normal turning conditions, VAM did not reduce tool wear at sufficient cutting
speeds.
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Brinksmeier et al. reviewed previous research in diamond tool wear reduction and conducted
experiments to verify previous hypotheses [41]. They concluded cryogenic turning and VAM
reduced tool wear while turning in a variety of atmospheres and implantation of Cr+ ions in
the diamond lattice did not reduce tool wear. It was stated that the effects of VAM are limited
because it did not reduce wear with linearly with effective cutting time. The feasibility of any
of these methods in an industrial was not discussed though.
Reduction in tool wear has been attempted by modifications to the machining process and the
tool setup. Limited success has been published with controversial results or obvious
limitations in a potential industrial setup. Future modifications in reducing tool wear must be
paired with further research on the diamond tool wearing process to understand how and why
the tool wears.

1.5 SURFACE FINISH IN DIAMOND TURNING
The entire focus of DT is producing a precise surface with the correct form and finish.
Surface roughness values of less than 1 nm can be obtained on the most precise machines
[20]. In general, an overlapping feedrate with a sharp round nose diamond tool is used to
produce the required surface. Figure 1-15 displays an example of the surface generation that
ideally occurs during DT. At a designated cross-feed per revolution the nose radius of the
tool is reproduced on the workpiece. The up-feed direction is considered perpendicular to the
page.

Figure 1-15. Theoretical generation of surface from turning.
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Equation (1.16) is the approximate parabolic relationship between the theoretical peak-valley
surface finish ( PVtheo ) , feed per revolution and radius of the tool. A parabolic approximation
of the circular geometry of the tool is possible due to the large ratio between the length of
contact and DoC. In DT, this ratio is on the scale of 100:1 [21].

PVtheo 

2
f rev
8Rtool

(1.16)

Generally, diamond turned surfaces do not display the exact pattern provided in Figure 1-15.
Ability to obtain the desired results depends on the interaction between the tool and
workpiece. Drescher and Arcona summarized the factors affecting the actual finish to
differentiate from the theoretical finish [20,21]:




Machine Vibrations
Chatter
Tool Geometry

Excitation of the tool and workpiece system can occur due to machine vibrations or induced
chatter. Machining vibrations can include spindle error, axes error or resonance of a natural
frequency in the setup. Chatter is sustained by dynamic forces in setup. Arcona described the
effect of chatter as “deleterious because it can lead to increased surface roughness and
sudden tool failure” and provided a review of previous work investigating the causes [44].
Within the work of this thesis, the effects of tool geometry on surface finish will be
investigated. The tool geometry most often changes by flank wear and cutting edge wear as
discussed in Section 1.4. Accelerated tool wear when machining ferrous materials makes the
production of a repeatable impression on the workpiece extremely difficult from the start.
BUE affects the cutting process because it covers the region of the tool that is supposed to be
in contact with the flow of material. As the cutting process continues the BUE can change in
roughness, shape and size which then further change the effective cutting edge. Extension of
the cutting edge due to BUE can also cause an overcut to occur.
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Modeling surface finish provides insight into the processes that are largely dominant.
Drescher simulated surfaces created by DT operations using Fortran code [20]. By initially
including machining vibrations (0-20 nm) he concluded this cannot be the dominant factor
responsible for the differences between a theoretical and actual finish. By including a
minimum chip thickness criterion though, he was able to produce simulated surfaces
accurately depicting real profiles. The minimum chip thickness was then related to the edge
radius of the tool. This provided a simulated connection between tool wear and surface finish
deterioration. Figure 1-16 is Arcona’s impression of how the minimum chip thickness affects
the cut surface [21].

Figure 1-16. Arcona’s impression of the effect of minimum chip thickness on the workpiece
surface [21].
Three measurements of the surface finish are most often associated in DT operations: Peak to
Valley ( PV ) , the arithmetic roughness ( Ra ) and the root mean square roughness ( Rrms ) . The
equations for each provided below.

PV  zmax  zmin
Ra 

Rrms 

1 N
 | zi  zm |
N i 1

1 N
 (zi  zm )2
N i 1

(1.17)
(1.18)

(1.19)
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The peak to valley is simply the difference between the highest ( zmax ) and lowest ( zmin )
points taken of the surface. The arithmetic roughness is the summation of the difference
between every surface point ( zi ) and the average surface level ( zm ) . The absolute value of
this is then divided by the number of points ( N ) . The RMS roughness is a slight variation of
this.

1.6 MOTIVATION OF THIS THESIS
This research builds on previous work in diamond tool wear when machining ferrous metals
at the Precision Engineering Center [8,12,15,20]. The objective of this thesis is to investigate
two dominating factors in DT ferrous materials: tool wear and BUE. Within this investigation
quantitative measurements of forces, tool temperature, tool wear, BUE and the surface of the
workpiece will be taken. Two steels, AISI 1215 and 1045, will be used in experiments to
compare the material properties and their effects on tool wear and BUE. The specific
properties include 1045 steel with four times the amount of carbon and higher strain
hardening characteristics than 1215 steel. Conclusions brought about by this investigation
will provide a better understanding of the thermochemical wearing mechanisms as well as
the presence and effect of BUE. With this information, future steps can lead to a reduction in
both tool wear and BUE so ferrous materials become a viable option in DT applications.
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2. EXPERIMENTAL SETUP, MEASUREMENTS METHODS AND
MODELING
2.1 OVERVIEW
Experiments conducted during this research were done on a Pneumo ASG 2500 DTM. The
two axis system is supported by hydrostatic oil bearings. Workpieces are mounted to the
spindle using a vacuum chuck system capable of producing a pressure of 9.82 Psi or 67.7
KPa. The spindle is located on the z-axis and tools are on the x-axis. Figure 2-1 is a
schematic of the setup for facing off the front of a workpiece. The DTM uses a laser
interferometric measurement system for both axes to provide movements as small as 2.5 nm
[45].

Figure 2-1. Top-down schematic of the DTM’s tool and workpiece setup [45].
Two types of diamond tools were provided by Chardon Tool. The first set of experiments
utilized diamond tools with a straight nose (or infinite radius), while the second and third set
of experiments utilized diamond tools with approximately a 0.5 mm tool radius. Besides the
change in radius, all other characteristics of the tool were kept the same to provide
consistency between experiments. Table 2-1 provides the parameters for each tool used and
Figure 2-2 is a close up of each type of tool used in this research.
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Table 2-1. Diamond tool parameters.
Chardon #
Radius (µm)
Diamond Type
Flank Angle
Rake Angle
Brazing Material
Tool Shank Material

19081
Infinite

18507
21421 21256 21257
Infinite
479
554
550
Monocrystalline
6°
0°
Cu-Ag-Ti
HD Tungsten

Figure 2-2. (a) Round nose and (b) straight nose diamond tools.
Multiple experiments were done on each type of diamond tool before needing to be relapped.
The straight nose tools had three experimental locations approximately 1 mm wide on a 3.7
mm cutting edge. The round nose tools had two experiments locations approximately 0.2 mm
wide on the 0.52 mm arc length created from a 120° sweep angle and 0.5 mm radius. The
round nose diamond tools were angled at 16° to produce experiments on either side. Figure
2-3 shows the cutting locations on each diamond.
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Figure 2-3. Cutting locations on each diamond.
Round nose diamond tools are measured after relapping by Chardon Tool to determine the
waviness of the cutting edge. The waviness is defined as the deviation from the best fit nose
radius of the tool. Measurement certifications by Chardon Tool consistently showed values
of less than 1 µm.
2.1.1 CONSTANT CHIP THICKNESS EXPERIMENTS
These experiments consisted of feeding a straight nose diamond tool in from the outer
diameter of an approximately 1 mm wide workpiece. Figure 2-4 shows the setup as well as a
schematic describing the experiment. The uncut chip thickness is constant across the entire
width of the chip and is equal to the DoC as shown in Figure 1-2(a). Equation (1.1) provides
the theoretical cross sectional area of the chip
The DoC, cutting speed, and cutting distance variables are controlled by the feedrate and the
spindle speed ( RPM ) . The relationship between these parameters is derived in Hesler’s
thesis [8]. This derivation was used to produce the specific machining parameters for each
experiment. A stream of MobilMet Omicron cutting oil was applied to the rake face during
every experiment
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Figure 2-4. Setup for straight nose diamond tool experiments.
2.1.2 VARYING CHIP THICKNESS EXPERIMENTS
These experiments consisted of combining round nose diamond tools with a nonoverlapping
feedrate on the face of a workpiece. A cross-feedrate of 240

𝜇𝑚
𝑟𝑒𝑣

and a DoC of 10 µm was

used during each experiment to space the grooves approximately 240 µm apart. The uncut
chip thickness varied across the contact length as shown in Figure 1-2(b) and the theoretical
cross sectional area is calculated from Equation (1.2). The contact angle (contact ) is defined
by Equation (2.1).

contact  2cos 1 (1 

DoC
)
Rtool

(2.1)

The contact length ( S ) is defined by Equation (2.2).

S  Rtoolcontact

(2.2)

For a nose radius of 0.5 mm and a 10 µm DoC, the contact angle is 23° and the contact
length is 200 µm.
Figure 2-5 and Figure 2-6 shows the setup for nonoverlapping experiments using round nose
diamond tools and a schematic of the process. The Resistance Temperature Detector (RTD)
connection and load cell for force measurements are also shown and are discussed in the
following sections. A stream of MobilMet Omicron cutting oil was applied to the rake face
during every experiment.
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Figure 2-5. General setup for round nose tool experiments.

Figure 2-6. Close up of setup for groove experiments.
A five point program was used to conduct these experiments as shown in Figure 2-7. Three
to five grooves (10-20%) of each cut were used to feed the tool down until the full 10 µm
DoC was attained. The x-axis coordinates were referenced from the center of workpiece and
the z-axis coordinates were referenced from the surface of the workpiece. The contact point
occurred between point 2 and 3. At point 3 the full DoC was reached and the system did not
move in the 𝑧 direction until the end of cut (point 4) was reached. The feedrate of the 𝑥-axis
was kept constant from point 2 to point 4 so that the grooves were spaced evenly.
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Figure 2-7. Movements used for groove experiments.
The coordinates and feedrates for each point and the RPM were calculated based on the
desired contact point (𝐶), cutting speed, cutting distance, and the desired number of grooves
to attain full DoC (𝐺𝑇𝐴) . Table 9-1 in the appendix provides the equations for each
coordinate and feedrate as well as ones kept constant for all experiments.
2.1.3 SURFACE FINISH EXPERIMENTS
Surface finish experiments were conducted with an overlapping feedrate and a 10 µm DoC.
Theoretical peak to valley finish was designated as 0.2 µm. Cutting distance was set at 100 m
for each experiment. Combined with the nose radius of the specific tool used and Equation
(1.16), the cross-feed per revolution was determined. The uncut chip thickness varied across
the contact length as shown in Figure 1-2(c) and the theoretical cross sectional area is
calculated by Equation (1.3).
Experiments were setup in a similar fashion as the groove experiments of Section 2.1.2. The
tool was angled 16° from the normal of the workpiece to allow for multiple experiments to
be made before relapping. Figure 2-5 shows the general setup for these experiments while
Figure 2-8 shows a close of up along with a schematic of the process. A stream of MobilMet
Omicron cutting oil was applied to the rake face during every experiment.
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Figure 2-8. Setup for surface finish experiments.
Each of the experiments began at a radius of 50 mm from the center of the workpiece. This
was done for surface finish measurement purposes discussed in Section 2.6.3. The workpiece
material outside of this radius was machined down so as to not contact the tool before this
point. Figure 2-9 shows the geometry. The z and x axes relate back to the machine axes in
Figure 2-1.

Figure 2-9. Schematic of the workpiece geometry.
Figure 2-10 shows the four point program used to conduct these experiments. Contact
occurred between point 2 and 3. Each x-axis coordinate was referenced from the center of the
workpiece while each z-axis coordinate was referenced from the surface of the workpiece.
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Figure 2-10. Movements used for surface finish experiments.
The only variable machining parameters were the feedrate and RPM due to the only variation
being cutting speed and nose radius of the tool. Table 9-2 in the appendix provides the
equations for each coordinate and feedrate as well as ones kept constant for all experiments.

2.2 WORKPIECE MATERIALS
Three different materials were used as workpieces. Initial experiments with a straight nose
tool used AISI 1215 steel, while experiments with round nose tools used 6061-T6 aluminum,
AISI 1215 and AISI 1045 steel. Aluminum was used to provide a comparison of a diamond
turnable material to the steel alloys. The two steel workpieces were cold finished. Table 2-2
provides the significant properties of each material.
1045 steel has a 25% higher Vickers Hardness than 1215 steel. The Vickers Hardness of each
material was tested at the PEC using a Zwick 3212 Hardness Tester. Seven measurements
were taken at different places along each workpiece. The maximum and minimum were
eliminated and the remaining five were averaged for a single value.
The carbon content of 1045 steel is four times that of 1215 steel. 1215 is categorized as lowcarbon steel while 1045 is medium-carbon steel. Casstevens theorized lower wear of the
diamond tool would occur when machining workpieces with higher carbon content [42].
Comparison of wear rates will investigate this potential suppression of tool wear.
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Table 2-2. Material properties of workpieces [46,47].
Al-6061-T6
103
276
167
0.896
2.7
0
Max 0.7
N/A

Material
Vickers Hardness*
Tensile Yield Strength (MPa)
Thermal Conductivity (W/m-K)
Specific Heat (J/g-°C)
Density (g/cc)
Carbon Content (%):
Iron Content (%):
Machinability Comparison to 1212
*Tests conducted at the PEC

AISI 1215
197
415
51.9
0.472
7.87
≤.09
98.42-98.95
136%

AISI 1045
253
530
50.8
0.486
7.87
0.43-.5
98.51-98.98
60%

As discussed in Section 1.3, strain hardening and strain rate sensitivity of the material
supports the formation of BUE by providing a stronger anchoring force to the tool. In the
cutting process, strain rates are on the range of 2 104 1/s [48]. Only split Hopkinson
pressure bar tests give strain rates on this order of magnitude, but data is difficult to come by
due to its unique nature. As a comparison of each material’s strain hardening and strain rate
sensitivity, low strain rate data will be used. This analysis provides insight into how each
material may comparatively react at high strain rates.
Using the Hollomon equation as provided in Equation (2.3), the strain hardening rate of
either steel can be derived from the stress-strain curves. The yield strength ( y ) is related to
material constants ( K , n) and the strain ( ) .

 y  K n

(2.3)

Data was taken from Total Materia, a comprehensive materials database [49]. Each data set
was taken in tensile. The following steps are taken to determine the material constants for the
Hollomon equation [50]:
1. Exclude elastic portion of data
2. Plot the log-log relationship of the true stress and true strain
3. Linear best fit: n is the slope, log( K ) is the intercept
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For 1215 steel, data was taken from a cold finished sample. Two strain rates ( ) of 0.003 1/s
and 3 1/s were recorded to study the presence of strain rate sensitivity. Figure 2-11(a) show
the data with Hollomon equation fitted to the plastic region and Figure 2-11(b) is the log-log
plot used to get the K and n material coefficients.
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Figure 2-11. (a) Stress-strain diagram for 1215 with the Hollomon equation fitted to the
plastic deformation zone. (b) The log-log plot of the plastic zone region for each strain rate
[49].
Using the linear fit for each strain rate, the Hollomon equation for 1215 steel becomes:

  .003:  =575.3 .0622
  3:  =639.3 .0600

(2.4)

Cold finished 1045 steel data was not available, but an as rolled 1.1191 DIN German
standard is provided in Figure 2-12. This material is considered the 1045 steel equivalent of
the German standard. The Vickers Hardness was cited as 230 and comparable to the tested
hardness of the workpiece in this thesis. Carbon percentage is also cited as 0.42%-0.50%.

41

3.15

log(True Stress) (MPa)

True Stress (MPa)

1200
1000
800
600
400
0_= .005
0_= 1.6

200
0

0

3.1
3.05
3
2.95

0.1
0.2
True Strain (m/m)

-1
-0.8
-0.6
log(True Strain) (m/m)

Figure 2-12. (a) Stress-strain diagram for 1.1191 DIN German standard with the Hollomon
equation fitted to the plastic deformation zone. (b) The log-log plot of the plastic zone region
for each strain rate [49].
Using the linear fit for each strain rate at the plastic deformation stage of the stress stain
curve, the Hollomon equation for this 1045 steel equivalent becomes:

  .005 :  =1364 .1792
  1.6 :  =1690 .2529

(2.5)

With comparable strain rates for each material, the 1045 steel equivalent has higher strain
hardening characteristics as provided by the strain hardening exponent (n) . A summary is
provided in Table 2-3. However, testing of these materials at strain rates of similar magnitude
as to those occurring in the cutting process are required for a complete conclusion.
Table 2-3. Holloman equation constants for each steel alloy at varying strain rates.

𝜺̇
n
K
𝜺̇
n
K

1.1191 DIN German
(1045 Steel)
.005
0.1792
1364
1.6
0.2529
1690

AISI 1215
Steel
.003
0.0622
575.3
3
0.0600
639.3
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2.3 FORCES
The tool holder is secured to a three-axis load cell that measures tool forces. The load cell is
a Kistler 9251A model. Figure 2-13 shows the load cell with axes of measurements. In the
case of these experiments, an orthogonal setup is used and thus the third force in the 𝑧
direction is not needed.

Figure 2-13. Axes of measurement for the Kistler 9251A load cell.
The forces along the 𝑥 and 𝑦 axes of the load cell are measured by piezoelectric sensors in
shearing. Each has a range of ±2.5 𝑘𝑁 with a stiffness of 1000 𝑁/µ𝑚. Sensitivity for each
axis was 8 𝑝𝐶/𝑁.
Figure 2-14 shows the orientation of the cutting and thrust forces for straight nose diamond
tool experiments and the load cell axes. The cutting and thrust force each line up with an axis
of measurement (𝑥 and 𝑦, respectively) on the load cell.
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Figure 2-14. Cutting and thrust force orientation with the load cell axes for straight nose
diamond tool experiments.
Figure 2-15 shows the orientation of the cutting and thrust force and the load cell axes during
round nose diamond tool experiments. For this setup, the cutting force is parallel to the x-axis
of measurement, but the thrust force is no longer parallel to the y-axis of measurement
because of the 16° angle imparted on the tool to allow multiple experiments before relapping.

Figure 2-15. Relationship and orientation of load cell for the cutting and thrust forces in
round nose diamond tool experiments.
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The thrust force can be calculated from the load cell measurements with the trigonometric
relationship shown in Figure 2-15 and Equation (2.6). FT 1 is the force measured by the load
cell and  is the angle of the load cell with respect to the normal of the workpiece surface.
Using this equation for the straight nose tools would result in the thrust force equal to the
load cell measurement because cos(0°)=1.
FT 

FT 1
cos( )

(2.6)

A 3-channel Kistler 5004 amplifier was used to amplify the voltage. The settings for the
amplifier are in Table 2-4. The amplifier produces a maximum of 10V. With the settings
used, a maximum of 45 N could be measured.
Table 2-4. Load cell amplifier settings.

Sensitivity Settings
Capacitor Decay
Scale (Mech/V)

Cutting
Force
6.76
Long
50

Thrust Force
6.76
Long
50

Voltage outputs (Vx ,Vy ) were then captured with a National Instruments’ CompactRIO
combined with LabVIEW software. Data was acquired at 2.5kHz. Calibration of the load cell
was required. Known weights were used to measure the Newton per Volt ratio of each axis.
Equations (2.7) and (2.8) provide the relationship for each force. The thrust force is a
function of the load cell angle with respect to the normal of the surface of the workpiece as
discussed previously.
N
)Vx
V

(2.7)

N
)Vy
V
cos( )

(2.8)

FC  (4.24

FT 

(4.12
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2.4 TEMPERATURE
2.4.1 RTD MEASUREMENTS
A 1000 Ω Resistance Temperature Detector (RTD) attached to the top of the diamond was
used to estimate the peak temperatures. The high thermal conductivity of the diamond
𝑊

(2000 𝑚∗𝐾) provides a high rate of heat diffusion and fast response time. Because of this
material property, surface temperatures reach steady state values on the order of seconds for
these experiments. RTDs have a high sensitivity and stability in comparison to other
temperature measurements components [8]. This particular RTD has a range of -70°C to
500°C. They are manufactured by depositing a layer of platinum on a ceramic substrate. This
composite then is coated with silica glass. The change in resistance is linear with respect to
the change in temperature.
A thin layer of Artic Silver thermal compound was applied between the RTD and diamond to
ensure consistent contact. The top of the RTD was then coated with 3M’s TC-2810, a
thermally conductive adhesive. The leads of the RTD were soldered to a PCB connector.
This gives the RTD a removable connection to the rest of the system. Figure 2-16(a) displays
the RTD attached to the top of the diamond tool and Figure 2-16(b) gives the RTD
dimensions. The height of the RTD is approximately 1 mm.

Figure 2-16. (a) Setup of RTD on the diamond tool and (b) dimensions of the RTD.
A Wheatstone bridge was used to measure the changing resistance of the RTD. With an input
of 1.75 V, the change in the RTD’s resistance is measured by the change in voltage. Four
other 1000 Ω resistors are attached to the system that is conceptually shown in Figure 2-17.
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Figure 2-17. Wheatstone bridge diagram for RTD measurements.
The measured voltage (𝑉𝑅𝑇𝐷 ) increases as the resistance of the RTD (𝑅𝑅𝑇𝐷 ) also increases.
Since the resistance of RTD increases with temperature, a higher measured voltage indicates
an increase in temperature. The change in 𝑉𝑅𝑇𝐷 with respect to the change in 𝑅𝑅𝑇𝐷 is shown
in Equation (2.9).
VRTD 

1.75RRTD
4000  2RRTD

(2.9)

As an example, the resistance of the RTD changes by 380 Ω over a 0°C to 100°C
temperature change. This results in a high sensitivity of 1.397mV/ °C. At this sensitivity
level, noise from surrounding equipment may affect the results. To combat this, analog input
channels surrounding this system’s channel were grounded. No issues were noticed after this
modification.
A National Instruments’ CompactRIO and LabVIEW software was used for data acquisition
and recording. Data was acquired at 2.5 kHz.

The relationship between voltage and

temperature was determined through calibration with boiling water, room temperature and
ice. The temperature is related to the voltage measured by:
TRTD  (705

C
)VRTD  5.3 C
VRTD

(2.10)
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2.4.2 PEAK TEMPERATURE PREDICTION
The relationship between tool heat input, RTD measurements and peak temperatures was
thoroughly analyzed by Hesler [8]. Hesler developed 3D FE model in ANSYS to relate the
surface temperature of the diamond to the necessary heat input and peak temperature. A
similar FE model, for this thesis, was developed within SolidWorks’s Thermal Study and
used to relate the RTD measurements to peak tool temperatures. SolidWork’s Thermal Study
provides steady states solution for heat transfer. The CAD model for the thermal study is
provided in Figure 2-18. The model consisted of four main components: tool holder, tool
shank, RTD and diamond. The round nose diamond tool is shown in the model, but straight
nose diamond tools were implemented when necessary. Dimensions of the RTD, tool shank
and diamonds were given by the manufacturers and the tool holder was measured. Appendix
9.3 provides the dimensions of each component. The relevant isotropic thermal properties of
each are provided in Table 2-5.
Table 2-5. Thermal properties of materials in CAD model.
Component
Holder
Shank
RTD
Tool

Material
Aluminum 6061
High Density
Tungsten Alloy
Silica Glass
Synthetic
Diamond

Specific
Thermal
Thermal
𝟐
𝑱
𝑾
Conductivity (𝒎∗𝑲) Heat (𝒈∗°𝑪) Diffusivity (𝒎𝒎 )
𝒔
167
0.896
69
113

0.13

49.1

1.3

0.75

0.84

2000

0.508

1157.9
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Figure 2-18. Isometric view of the CAD model developed for relating RTD measurements to
peak tool temperature.
Boundary Condition
Figure 2-19(b) shows the right side of the tool holder was set to the 20°C as the isothermal
boundary for the system. This was selected due to its contact with the rest of the tool stand in
the experimental setup. All of the other surfaces open to air were selected to have convective
boundary conditions as shown in Figure 2-19(a). The convection coefficient was selected as
𝑊

20 𝑚∗𝐾 and based on a range of commonly used coefficient for ambient air with free
𝑊

convection [51]. The convective coefficient was selected as 100 𝑚∗𝐾 for the diamond and
RTD due to cutting oil applied during cutting. Hesler found the effect of increasing the
convection coefficient by an order of magnitude to have minimal effects on the temperature
of the diamond [8]. This showed much of the heat transfer from the diamond occurred
through conduction of the tool shank.
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Figure 2-19. (a,b) Convective and (c) isothermal boundary conditions used within the
SolidWorks thermal study.
Heat Input
Figure 2-20 shows an example of the heat input area on the two geometries. The heat input
into the diamond tool is extremely difficult to measure due to the small DoC and subsequent
chip size. The width of input area depends upon the contact length of the diamond tool on the
workpiece. For the straight nose diamond tools, the contact length was 1.2 or 0.94 mm
depending on the width of the workpiece. For the round nose diamond tools, the contact
length was approximately 200 µm for a 0.5 mm radius of the tool and 10 µm DoC. The
radius of the heat input area was selected as 1 µm for both sets based on the general worn
geometry of the diamond tools. For the straight nose diamond tool, the 0.94 mm width was
selected as the example in Figure 2-20. These parameters give a 335 µm2 heat input area for
the round nose diamond tool. The straight edge diamond tools had an area of 1558 µm2 and
2011 µm2, depending on the width of the workpiece.
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Figure 2-20. Heat input areas for (a) round nose diamond tool and (b) straight nose diamond
tool.
Meshing
Meshing was refined as it approached the cutting edge of the diamond tool. This means
larger element sizes were utilized in the area away from the cutting edge, while smaller
element sizes were utilized in the area near the cutting edge. A smaller element size produces
more accurate results, but requires increased computation time. Mesh refinement allows
more accurate results to be calculated in areas of interest without increasing the computation
time substantially. The largest element size was 1 mm while the minimum element size was
0.0003 mm. Figure 2-21 is example of the meshing refinement near the cutting edge.

Figure 2-21. Meshing refinement of the SolidWorks model occurred near the heat input area.
Calculation of Peak Tool Temperature
The process to predict the peak temperature initially involved varying amounts of heat
inputted into the model until a relationship between the heat input and both the temperature
of the RTD measurement area and peak tool temperature (Tpeak ) was defined. Figure 2-22
gives the relationships for each experimental setup.
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Figure 2-22. Relationship between heat input and both the RTD measurement area and the
peak tool temperature for the round nose diamond tool model.
Equations (2.11), (2.12), (2.13) provide the relationship between heat input and peak
temperature for the round nose diamond tool, and the straight nose diamond tool with a 1.2
mm and 0.94 mm workpiece width, respectively. The straight nose diamond tool models
were very similar due to consistent model setup except for the small variation in heat input
area (1460 and 1884 µm2).
Tpeak  16.57Q  20C

(2.11)

Tpeak  4.75Q  20C

(2.12)

Tpeak  5.28Q  20C

(2.13)
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Combining the equations shown above with the relationships between the heat input and
surface temperature of the diamond leads to relationships between the peak and surface
temperature. Equation (2.14) is the relationship for the round nose diamond tool model.
Equations (2.15)and (2.16) are the relationships for the straight nose diamond tool with a 1.2
mm and 0.94 mm workpiece width, respectively.
Tpeak  2.80TRTD  36.00C

(2.14)

Tpeak  1.84TRTD  16.82C

(2.15)

Tpeak  2.04TRTD  20.77C

(2.16)

2.5 WEAR MEASUREMENTS
The difficulty in measuring a worn diamond tool is due to its sub-micron size features.
Drescher provided a review of the many attempted methods and their own drawbacks for
being used to quantify the wear region of diamond tool [52]. A method using an SEM was
developed at the PEC [52]. Using Electron Beam Induced Deposition (EBID) lines the
profile of a worn tool can be traced and used to quantify a worn diamond tool. EBID, also
known as contamination from hydrocarbons present within the system, always occurs during
SEM sessions. The hydrocarbons become disassociated and form a deposition wherever the
beam is focused. By using a line scanning pattern in the SEM, this disassociation forms a line
that can be laid across the worn area. This method is nondestructive to the fragile diamond
tool and the line is easily removable after. Figure 2-23 displays SEM-EBID lines used on a
worn profile of a round nose diamond tool.
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Figure 2-23. SEM-EBID method used to measure the worn profile on a diamond tool.
The SEM at North Carolina State University’s Analytical Instrumentation Facility (AIF) was
used for wear measurements. This particular SEM has both a focused ion and scanning
electron beam to allow a variety of measurements. The scanning electron beam option was
used in this research as the focused ion beam can cause damage to the diamond tool. Table
2-6 provides a list of settings used for the measurements. Three options of voltage and
current were used to take measurements depending upon the level of contaminants in the
chamber. Details of the procedure for cleaning the diamond tool before wear measurements
are in Appendix 9.2.
Table 2-6. SEM parameters used for tool wear measurement.
SEM
Beam Energy/Current (1)
Beam Energy/Current (2)
Beam Energy/Current (3)
Chamber Pressure (torr)
Working Distance (mm)
Image Dwell Time (µs)
Image Size

Quanta 3D FEG Dual
Beam
2kV/33.3pA
2kV/67pA
5kV/53.3pA
< 5.00e-5
10.5
10
1024x943
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Before the diamond tool was placed in the SEM, a thin Au-Pd layer was coated on the tool.
The tool was coated for 1 minute. It was necessary to place the diamond tool in its SEM
holder before the coating process to produce an even layer around the cutting edge region.
The Au-Pd source was oriented above the specimen, similar to the electron beam in the SEM.
Having the diamond tool in its SEM holder presented the entire region to the Au-Pd source
located above it. Issues with uneven Au-Pd coating were noted in Shi’s thesis, but it is
believed this was because the diamond was not oriented beforehand [12]. Figure 2-24(a) is
the correct orientation and Figure 2-24(b) is the incorrect orientation for Au-Pd coating.

Figure 2-24. (a) Correct orientation and (b) incorrect orientation for Au-Pd coating of the
diamond.
Once the diamond tool was placed in the SEM and the chamber reached correct vacuum,
measurements could begin. Figure 2-25 shows the two step process of depositing the line and
capturing the profile. The first step consisted of orienting the tool correctly so the EBID line
would be perpendicular to the cutting edge. The tool was then rotated at a 45° so that profile
could be captured.
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Figure 2-25. The measurement process of diamond tool wear in the Quanta.
After the images were obtained, three steps were taken to calculate the cross sectional area of
the worn tool and its geometry. Figure 2-26 shows the four step process for one wear
measurement. The three steps after laying the EBID line and capturing the image are
described below:
a) Stretch the image by 1/𝑐𝑜𝑠(45° ± 2°) to accommodate another 45° tilt. This 45° tilt
plus the mechanical 45° tilt of the sample stage provide a true cross section of the
profile. The ±2° variation accounts for any mechanical error in the tilt of the SEM’s
sample stage.
b) Using a Matlab program, trace the EBID line with at least 8 points on the flank and
rake faces. Follow this by tracing the EBID line across the worn section of the
diamond. Ensure the geometry is adequately traced. The program determines the
cross sectional area by interpolating lines created with points on either face of the tool
and the points on the worn region of the tool. The angle between the lines should be
the within 0.1° of the manufacturer’s specification on the angle between the rake and
flank face.
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c) Rotate the tool profile using a Matlab program so profiles can be compared against
each other. Plotting the tool profile puts the rake face on the y-axis and the theoretical
sharp edge is at the origin.

Figure 2-26. The four step process of tool wear measurement: (a) EBID, (b) stretch, (c) trace
and (d) rotate
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For straight edge tool experiments, one measurement across the entire worn region was
sufficient to estimate the worn volume. This was due to constant chip thickness and
subsequently, consistent localized heat generation across the entire cutting region. Equation
(2.17) was used to calculate the worn volume based on the measured cross sectional worn
area (𝐴𝑤𝑒𝑎𝑟 ) and contact length.

V  Awear w

(2.17)

Round nose tool experiments required multiple measurements to accurately assess the worn
volume due to the variation in worn cross sectional area. This is because of the varying chip
thickness across the contact width. Figure 2-27 shows an example of the variation on a round
nose diamond tool. Each number on the graph corresponds to the numbered EBID lines on
the stitched SEM image.

Figure 2-27. Volumetric measurements of worn region on round nose tools required multiple
cross sectional area measurements.
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The location of each measurement was recorded and referenced from the center of the worn
region. Wear volume was calculated by numerical integration using a trapezoidal
approximation where 𝑥 is the length from the center of the contact region and 𝑓(𝑥) is the
measured worn area displayed in Figure 2-26. Equation (2.18) is the trapezoidal
approximation where N is the total number of measurements, i is the specified profile and

i  1 is the successive profile.
V

1 N
 ( xi1  xi )( f ( xi1 )  f ( xi ))
2 i 1

(2.18)

2.6 SURFACE MEASUREMENTS
Experiments with round nose diamond tools were selected to produce nonoverlapping and
overlapping tool grooves at a 10 µm DoC so the effect of BUE and tool wear on the
impression left on the workpiece could be examined. The following sections describe how
each piece of metrology equipment was used in the analysis of the workpiece surfaces.
2.6.1 TAYLOR HOBSON TALYSURF MEASUREMENTS
Nonoverlapping grooves were measured using a Taylor Hobson TalySurf Series 2 contact
probe. This provided the groove profile, or removed chip area of the tool. The contact probe
has a 2 µm radius diamond with a 60° inclined angle. Because of this, features below 2 µm
will be biased. Vertical displacements higher than 16 nm could be measured due to the
resolution of the stylus arm.
Profiles were taken along the radial direction of the workpiece, so each groove corresponded
to a consecutive revolution of the workpiece. Figure 2-28 shows the workpiece on the
TalySurf and an example of the groove measurements produced. An extension of the groove
compared to the theoretical provides evidence of BUE, while recession of the groove to the
theoretical provides evidence of tool wear.
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Figure 2-28. Groove measurements were taken by the TalySurf Series 2 contact probe.
MatLab was used to analyze the groove set to prove a differential area between the
theoretical and experiment groove. Analysis began with slope removal of the data set to
eliminate any effects of an uneven TalySurf stage. A theoretical groove has a radius
equivalent to the nose radius of the tool used for that experiment. The first groove at the 10
µm DoC was used to optimize the placement of the theoretical groove. This was done by
iteratively moving the theoretical groove within the experimental groove until the differential
area between the theoretical and experimental groove was minimized. Touch-off error is
accounted for due to the minimum area differential requirement. For example, if an
experiment has an 11 µm DoC rather than a 10 µm DoC, then the theoretical groove will be
placed lower within the experimental groove to minimize the area differential between it and
the experimental groove. The placement of the theoretical groove on the first full DoC
groove also had to be completely above the experimental groove. Since the tool is initially
sharp and unworn, the experimental groove should not have less of an extension than the
theoretical groove from the origin of the nose radius of the tool.
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Figure 2-29 shows five iterations of the theoretical groove moving toward the optimal
location to minimize the area in between it and the experimental groove. Placement of the
theoretical grooves on the subsequent experimental grooves was done by using the recorded
axis movements during the experiments.

10
Measured Groove
1st Iteration
2nd Iteration
3rd Iteration
4th Iteration
5th Iteration
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0.25

X (mm)
Figure 2-29. Iterative optimization of the theoretical groove on the first full DoC
experimental groove measured.
One of the challenges in determining the groove area after placement of the theoretical
groove is the smoothness of the carbide surface. Using carbide inserts, the prepped surface
could optimally attain a 1 to 2 µm PV finish. This is between 10-20% of the theoretical
groove depth and could potentially affect measurements. Figure 2-30 displays a set of
grooves with the carbide surface variation at a 1-2 µm PV. To mitigate any influence of the
roughed surface on measurements, the measured areas were calculated only below the
bottom of the carbide surface. For each measurement, the carbide surface near the groove set
was measured to obtain the Ra by Equation (1.18). The groove areas were then measured
below the approximate theoretical PV (three times the Ra measurement) from this surface
roughness measurement.
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Figure 2-30. Example of the estimated theoretical and experimental groove area. Each one
was measured below the 3 Ra line as indicated.
Four profiles spaced 90° apart were taken after each experiment. Measurements were taken
in terms of differential area between each theoretical and experimental groove. Each profile’s
determined differential area for a specific revolution was used to calculate that revolution’s
average differential area. Figure 2-31 is a top down schematic of the workpiece showing the
where the profiles were taken and how four profiles are used to define an average differential
area for a revolution.
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Figure 2-31. Four measurements of each revolution were used to define its average groove
differential area.
The waviness of the cutting edge of the diamond tool presents a limitation in modeling the
theoretical groove as a perfect arc of a circle with a radius of Rtool . Figure 2-32 provides an
example of the waviness given by Chardon Tool for a diamond tool used in experiments. As
discussed in Section 2.1, experiments were conducted at an angle of 16°, as marked on
Figure 2-32. The contact angle for a 10 µm DoC and 0.5 mm nose radius with a
nonoverlapping feedrate was previously defined as 23°. The ends of contact marked at 27.5°
and 4.5° are symmetrical about the 16°.

Figure 2-32. Example of the waviness of a diamond tool used for experiments.

63

Equation (2.19) estimates the differential area caused by the waviness of the tool by treating
the sectioned area between 27.5° and 9° as a triangle. This estimation ignores the
comparatively insignificant section between the 4.5° and 9° mark and provides the
differential area as:
1
(28  9)
Adiff  (0.23µm)(
537 µm)  19µm2
2
180

(2.19)

In the example provided in Equation (2.19) , the tool radius was 537 µm and the maximum
change in waviness was 0.23 µm as marked on Figure 2-32. The example provides an
estimation of the resolution of the optimization program of around 19 µm2. Other waviness
measurements after relapping may result in slightly smaller or larger differential areas. As a
conservative estimate, variations of less than 50 µm2 (or less than 3.8% of a theoretical
groove’s area) should be considered the limitation of the program.
2.6.2 OPTICAL PROBE MEASURMENTS
Measurements of the nonoverlapping grooves were also taken using confocal chromatic
aberration probes. The characteristics of the two used are described in Table 2-7.
Measurements were taken with the workpiece mounted to the ASG spindle.
Table 2-7. Optical probes used for groove measurement.
Company

Model

Spot Size (µm2)

Precitec
STIL

Chrocodile S
CHR 150-N

5
9

Light
Source
LED
Halogen

Angular
Range
±30°
±28°

Linear
Range (µm)
300
300

The optical probe measures the height of the surface. A profile could be created using the
measured points and interpolating to create a complete surface. This gives the ability to
analyze surface changes in the up-feed and cross-feed direction of the cut. Figure 2-33 shows
the setup of the optical probe measurements.
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Figure 2-33. Setup of the optical probe measurements.
Data collection was done at 5 µm spacing in the up-feed and cross-feed directions as this is
the smallest spot size of the probes. For a 2 mm wide measured surface at a 70 mm radius of
the workpiece, this took 35,186,000 samples. At a 1 kHz sampling rate this took 35186
seconds, or approximately 10 hours. After collection, the data was processed in Matlab and
used to create the surface using the scattered interpolant function. This function creates a
three dimensional surface from the inputted data by using linear interpolation. The surface at
the bottom of the groove can then be traced out to determine its heights variation due to
potential BUE or tool wear effects. Figure 2-34 gives an example of the 3D surface created
from the optical probe measurements for one revolution.
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Figure 2-34. 3D surface produced from measurements of a groove for an entire revolution.
2.6.3 ZYGO NEWVIEW 5000 MEASUREMENTS
A Zygo NewView 5000 Scanning White Light Interferometer was used to measure the
surface finish of experiments with overlapping feedrates. White light interferometry is a noncontact optical method to measure surface height. Interferometers in general use the principal
of superposition by measuring the interference pattern created from the combination of a
beam with a fixed path and another identical beam reflected off the specimen.
Two sets of measurements were taken in the cross-feed direction to examine the surface
finish. Each one was taken at a 180° increment. Figure 2-35 shows a schematic of the setup
for surface finish measurements.
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Figure 2-35. Setup of measurements on the workpiece.
Along each row of measurements a 10x magnification lens with a 0.8 magnification was
used. This provided a distance of 0.905 mm in the cross-feed direction and a 0.678 mm in the
up-feed direction. Figure 2-36 shows a schematic of this on a NewView plot. The camera had
a resolution of 640x480 with 640 being used in the cross-feed direction and 480 used in the
upfeed direction. This defines each pixel as representing approximately 1.1 µm in the crossfeed direction and 1.4 µm in the upfeed direction. Comparatively, each groove was
approximately 30 µm wide based on the desired surface finish of 0.2 µm PV and radius of
the tool.
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Figure 2-36. Size of the area for Zygo Newview surface finish measurements
As discussed in Section 2.1, surface finish experiments were conducted on the face of a
workpiece beginning at a 50 mm radius. This was done so each Zygo measurement covered
approximately 30 grooves or 9 m of cutting distance when using the 10x magnification lens
and 0.8 zoom. The cutting distance covered by each measurement is defined by Equation
(2.20) where i stands for the number of the measurement starting from the outside. An
example of the first four measurements is shown in Figure 2-37.

dcut  2 (

Ri  Ri 1 Ri  Ri 1
)(
)
2
f rev

(2.20)
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Figure 2-37. Schematic of the Zygo measurement setup.
As the radius of the workpiece decreases, the width ( wc ) necessary to cover 10 m of cutting
increases slightly. This results in a total of 11 measurements to cover the cutting distance of
100 m. Table 2-8 provides an example of the incremental cutting distances for each
measurement and the total cutting distance for a 0.5 mm radius diamond tool.
Table 2-8. Incremental distances covered by each measurement using the Zygo.
Measurement
Incremental
Cutting
Distance (m)
Total Cutting
Distance (m)

1

2

3

4

5

6

7

8

9

10

11

10.0

9.8

9.6

9.4

9.2

9.1

8.9

8.7

8.5

8.3

8.1

10.0

19.7 29.3 38.8 48.0 57.0 65.9 74.6 83.1 91.4 99.6
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3. STEEL EXPERIMENTS WITH CONSTANT CHIP THICKNESS
Using the setup discussed in Figure 2-4, AISI 1215 steel was turned with a straight nose
diamond tool to examine the effects of increasing chip size. Uncut chips have a rectangular
geometry as shown in Figure 1-2(a) with the chip width determined by the thickness of the
workpiece. The material properties of 1215 steel are discussed in Section 2.2. Three DoCs
and two workpiece widths were used to examine the effect of increasing uncut chip area on
forces, temperatures, BUE and wear rates. ThirdWave AdvantEdge models were used to
compare the experimental forces as well as examine the heat generation and partitioning into
each component. Tools were examined after experiments to observe any presence of BUE
and quantify any changes in the geometry.
Previous research at the PEC attempted to predict tool wear rate based on the predicted peak
temperature of the tool [8,13]. The Arrhenius model was advanced by conducting
experiments at varying cutting speeds. Experiments conducted in this chapter vary the chip
size to determine its effect on temperature and subsequent tool wear rate. Similar to an
increase in cutting speed, a larger chip produces higher temperatures in the cutting process. If
the process is solely dependent upon temperature, then wear rate should increase whether the
chip size or cutting speed was increased. These experiments will be conducted to verify the
relationship between wear rate and temperature as the chip size increases.
Six experiments were conducted at each DoC (2, 5, and 10 µm) for a total of 18 experiments.
All experiments were performed at a constant 2 m/s cutting speed. MobilMet Omicron
cutting oil was used during each experiment. Table 3-1 provides information of the six
experiments for each DoC.
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Table 3-1. Parameters of each wear experiment on 1215 steel at each DoC.
Experiment
1

Cutting Distance (m)
10

Disk Width (mm)
0.94

2

20

0.94

3

30

0.94

4
5
6

10
20
20

0.94
1.20
1.20

Comments
Successive of
Exp. 1 without
relapping
Successive of
Exp. 2 without
relapping

3.1 FORCE MEASUREMENTS AND RELATIONSHIP WITH CHIP SIZE
Force measurements were taken during each experiment using the load cell setup previously
described in Section 2.3. Figure 3-1 shows the force measurements for each DoC on a 1.2

Cut Force (N)

mm wide disk. Forces were constant after the initial plunge into the workpiece.
30
20
10
2 µm

Thrust Force (N)

0

5 µm

10 µm

20

10

0

0

2.5

5
Time (s)

7.5

10

Figure 3-1. Thrust and cutting forces for 2, 5, and 10 µm DoC on a 1.2 mm disk at 2 m/s for
20 m.
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The middle 50% of the data was used to calculate the average cutting and thrust force for
each experiment. In the case of Figure 3-1 this would be from 2.5 to 7.5 seconds. Figure 3-2
displays the average cutting and thrust forces of each experiment. The legend gives the chip
width of each data set. Experiments with the 1.2 mm chip width had the highest cutting and
thrust forces due to more material removal.
30
0.94 mm Cut
0.94 mm Thrust
1.20 mm Cut
1.20 mm Thrust

25

Force (N)

20
15
10
5
0

0

2

4

6
DoC (µm)

8

10

12

Figure 3-2. Cutting and thrust force averages for each experiment.
Normalizing forces with respect to the chip width shows a dependency only on DoC. Figure
3-3 shows the average normalized forces as well as the standard deviation as a function of
DoC. Average cutting forces were 8.1, 13.6 and 22.9 N as the DoC increased. Average thrust
forces were 5.1, 7.4 and 12.8 N as the DoC increased. Normalized cutting forces produced a
standard deviation of 0.49, 0.38 and 0.59 N for the 2, 5 and 10 µm experiments DoC,
respectively. Normalized thrust forces produced a standard deviation of 1.14, 0.58 and 0.79
N, respectively. Both normalized forces have a linear relationship with the DoC.
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Figure 3-3. Normalized average forces with respect to chip width compared across varying
DoC.
Normalization of forces with respect to the groove area gives insight into the efficiency of
the cutting process across all cutting speeds. Figure 3-4 shows each force normalized with
respect to the uncut chip area. The normalized cutting and thrust forces decreased as the
actual uncut chip area increased. A reduction in forces as the chip area increases was also
observed in ThirdWave simulations in Section 3.5.1.
x 10
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Thrust
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Force/Uncut Chip Area (N/µm )
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Figure 3-4. Force per uncut chip area across varying DoC.
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There are two possible reasons for the lower normalized forces as the chip size increases:
temperature effects or BUE. Increasing the uncut chip size increases the power generation
and subsequently the temperature of the tool, chip and workpiece. Thermal softening of the
material with larger chip areas may occur and decrease the normalized forces as the chip size
increases. Korkut et al. discussed the role of BUE reducing cutting forces by changing the
effective rake angle when milling 1040 steel [53]. Section 3.3 proposes a proportional
relationship between the size of the BUE and the uncut chip. If the larger chip area increases
the size of the BUE, then this may increase the efficiency of the cutting process. This would
then result in a decrease of normalized forces as the chip size increases.
An estimation of the cutting and thrust forces is formed using the average values of Figure
3-4. Equation (3.1) is the relationship between cutting force, thrust force and the uncut chip
area. These relationships can be used to estimate the expected forces by using the chip size.
The constants of each equation are considered the average normalized forces with respect to
chip area at 2 m/s for DT 1215 steel.
N
) Ac
µm 2
N
FT  (.00175
) Ac
µm 2
FC  (.00305

(3.1)

3.2 TEMPERATURE MEASUREMENTS
Surface temperatures at the back of the tool were measured during each experiment using the
RTD setup in Section 2.4. Issues with chip interference occurred during three of the eighteen
experiments. Cutting distances for experiments varied between 10, 20 and 30 m. Experiment
with a cutting distance of 10 m did not reach steady state temperatures due to the only 5
seconds of contact. Figure 3-5 shows an example from three experiments with a 5 µm DoC.
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RTD Temperature (°C)
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Figure 3-5. RTD measurements during three wear experiments on a 0.94 mm disk width at a
5 µm DoC at 2 m/s.
Experiments with the longest cutting distances were used to make peak temperature
predictions in the SolidWorks Thermal Study. These are shown in Figure 3-6. Figure 3-6(a)
are 30 m long experiments with a 0.94 mm chip width and Figure 3-6(b) are 20 m long

RTD Temperature (°C)

100

RTD Temperature (°C)

experiment with a 1.2 mm chip width.

100

(a)

80
60
40
10 µm
20

0

5

5 µm

2 µm

10

(b)

15
Cutting Stops

80
60
40
20

0

5

10

15

Time (s)

Figure 3-6. RTD measurements of longest wear experiments on a (a) 0.94 and (b) 1.2 mm
disk width at 2 m/s.
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Experiments with the 0.94 mm chip width measured lower surface temperatures. This was
expected due to the smaller cutting force and hence, less power generation. Variability in
temperature measurements across time at the end of a cut is due to cutting oil cooling the tool
by pulling heat away. It is most noticeable in the 10 µm DoC measurements on the 1.2 mm
disk where the temperature fluctuates from 85°C to 92°C. This is unavoidable due to the
generous stream of oil applied to all experiments.
Figure 3-7 shows the change in temperature measured by the RTD for each experiment and
the estimated peak temperature using the relationship discussed in Section 2.4. Equations
(3.2) and (3.3) are the power law relationships between uncut chip area and the RTD
measurement and peak tool temperature, respectively. Because of the increase in chip size
and subsequent force needed, the temperature of the tool increases. Heating from the chip or
cooling of the RTD by the cutting oil may have affected the measurements. A stronger
correlation of determination between chip area and the change in tool temperature may be

160

160

140

140

120

 Peak Temperature (°C)

 RTD Temperature (°C)

found with better handling of chip removal and without using cutting oil.
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R =0.9031
100
80
60
40
20
0
0

120
100
80
R2=0.8401
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5000
10000
15000
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Figure 3-7 Relationships between the uncut chip area and change in the RTD and peak tool
temperature for machining 1215 steel at 2 m/s.
TRTD  0.85 Ac.468  20C

(3.2)

Tpeak  1.47 Ac.482  20C

(3.3)
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3.3 SEM IMAGES OF BUILT UP EDGE
Images of BUE attached to the diamond tool were taken to observe the geometry and
potential effect it had on the cutting edge of the tool. The tool was gently soaked in acetone
to remove cutting oil to reduce charging issues in the SEM. Figure 3-8 shows the BUE after
10 m of cutting from a 2, 5 and 10 µm DoC.

Figure 3-8. BUE after machining 1215 steel at 2 m/s for 10 m with a (a) 2, (b) 5, and (c) 10
µm DoC.
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The cutting edge of Figure 3-8(a) from 2 µm experiment was free of BUE with only short
segments present. The 5 µm experiment of Figure 3-8(b) produced more of the cutting edge
covered in BUE and the 10 µm experiment of Figure 3-8(c) had continuous BUE along the
entire cutting edge. With these observations of Figure 3-8, a conclusion could be made that
the larger DoC experiments obtained larger amounts of BUE. This provides an explanation of
the lack of a temperature dependency with wear results discussed Section 3.4. This
relationship with BUE and chemical wear was also initially noted in previous research
[29,30]. Caution must be taken of this conclusion because it is important to note that these
images only provided a snapshot in time but not a history of the entire machining process.

Figure 3-9. EBID lines laid across BUE after machining 1215 steel at 2 m/s with a (a) 2, (b) 5
and (c) 10 µm DoC.
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The EBID technique was used to measure the shape of the BUE at a single section. It is
extremely important for proper cleaning to remove any excess oil or lose chips without
damage to the BUE. Any excess oil or particles will reduce the effectiveness of the EBID
technique. The EBID lines were drawn long enough to reach the surface of the diamond on
either side. Figure 3-10 shows the profile of each.
50
10 µm
5 µm
2 µm
Tool

40

Y (µm)

30
20
10
0
-10
-20

0

20
X (µm)

40

Figure 3-10. Profile of BUE after machining 1215 steel at 2 m/s with varying DoC.
The general shape of the BUE in all experiments was an extension in both the cutting and
thrust direction. An enlargement of the cutting edge created by the BUE is also noticeable.
The size of the BUE was proportional to the DoC. This would provide support for the idea of
BUE most noticeably forming a protective barrier around the cutting edge during the 10 µm
DoC experiment. However, the BUE may fluctuate in size and thus, this profile is only one
of many. Regardless, this investigation showed evidence of larger uncut chip areas producing
larger BUE profiles that were more continuous across the entire cutting edge. This provides
support for the hypothesis that the lack of a relationship between with wear rate and chip size
is due to BUE formation
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3.4 DIAMOND TOOL WEAR MEASUREMENTS
Using the EBID technique discussed in Section 2.5, wear measurements were taken after
each experiment. Figure 3-11 and Figure 3-12 shows the wear lands after specific machining
parameters. The rake face and flank face orientation of the images are shown on Figure
3-11(a). The diamond was orientated consistently in the SEM for all measurements.

Figure 3-11. Images of wear land after machining 1215 steel for a complete distance of 60m
at 2 m/s with a (a) 2 µm (b) 5µm and (c) 10µm DoC.
Figure 3-11 shows the wear lands of machining 1215 steel for a total cutting distance of 60 m
at 2 m/s with a chip width of 0.94 mm. Figure 3-11(a) and Figure 3-11 (b) were taken at 35
kX, while picture (c) was taken at 50 kX. The change in magnification was needed because
of the smaller wear land for the 10 µm DoC experiment.
Figure 3-12 shows the wear lands after machining 1215 steel for a total cutting distance of 20
m at 2 m/s on the 1.2 mm disk width. Figure 3-12(a) and (c) were taken at 35 kX, while
picture (b) was taken at 50 kX. The change in magnification was once again due to the size
of wear land.
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Figure 3-12. Images of wear land after machining 1215 steel for 20 m at 2 m/s with a (a) 2
µm (b) 5µm and (c) 10µm DoC.
Consistently, the 2 µm DoC experiments had larger wear lands than the 5 or 10 µm DoC. A
Matlab program was used to quantify the cross sectional profile. Figure 3-13 displays the
worn profiles after 10, 30 and 60 m of cutting a 0.94 mm disk width at 2 m/s without
intermittent relapping of the diamond tool.
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Figure 3-13. Worn profiles after machining 1215 steel at 2 m/s in succession for a (a) 2 µm,
(b) 5 µm and (c) 10 µm DoC on a 0.94 mm disk. Worn volumes are plotted as a function of
cutting distance in (d).
In Figure 3-13, an enlargement of the cutting edge radius was observed followed by the
flattening of the wear land at a specific angle and the formation of two radial segments. The
initial enlargement of the cutting edge radius is most noticeable on the shorter cutting
distance of 10 m at all DoC, while the progression to a flattening wear land is most
noticeable on the largest wear lands of the 2 µm and 5 µm DoC. The progression of the worn
volume that is estimated by the product of the cross sectional area and the width of the worn
region is shown in section (d) of Figure 3-13.
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Figure 3-14 shows a comparison of wear lands created after machining a 1.2 mm thick disk
at 2 m/s for 20 m at each DoC. Once again, the 2 µm DoC gave the largest wear lands.
Percentage difference of the volumetric wear for the repeated 2, 5 and 10 DoC experiments
were 43%, 28% and 87% respectively.
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Figure 3-14. Wear lands after machining 1215 steel for 20 m each at 2 m/s with a (a) 2, (b) 5
and (c) 10 µm DoC on a 1.2 mm disk. The worn volume of each experiment is provided in
(d).
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Figure 3-15 shows a comparison of wear lands created after machining a 0.94 mm thick 1215
disk at 2 m/s for 10 m. This includes the wear measurements shown in Figure 3-13 at the 10
m mark as well as the additional experiment for comparison. The percentage difference of
volumetric wear for the 2, 5 and 10 µm DoC experiments were 17%, 0.36% and 71%,
respectively. The largest and smallest wear lands were measured from 10 µm DoC
experiments.
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Figure 3-15. Wear lands after machining 1215 steel for 10 m each at 2 m/s with a (a) 2, (b) 5
and (c) 10 µm DoC on a 0.94 mm disk.
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The geometry of the largest wear lands for each DoC (after 60 m of cutting) in Figure 3-13
was combined in Figure 3-16. The wear lands developed at approximately 19° to the cutting
direction and 25° to the flank face. This angle is most noticeable on the 2 µm DoC because it
is the largest. Both edges of the wear lands formed radiuses much larger than the initial
cutting edge as well.

Figure 3-16. After machining 1215 steel for 60 m at 2 m/s, the wear land forms at
approximately a 19° angle with two radial sections.
The volumetric wear rate was calculated for each experiment on a per second basis. Taking
into account the disk width, any initial wear land and the cutting distance, Figure 3-17 shows
every experiment’s wear rate with respect to the uncut chip area. As expected from
observations of the wear lands, the wear rate did not exhibit a precise relationship with the
uncut chip area. Noise within the data produced just as much variation as the effect of the
uncut chip size. Largest percentage difference in wear rate for experiments conducted with
the same uncut chip area was over 120%. The best fit was determined to be a power law
relationship but this only had a correlation of determination ( R 2 ) of 0.3404
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Figure 3-17. The average wear rates of all 18 experiments after machining 1215 steel at 2 m/s
with a variable uncut chip size
Figure 3-18 shows the measured wear rates as a function of the predicted peak temperatures
from Section 3.2. No discernable trend could be defined due to the high variation of the wear
rate and general independent nature from the predicted peak temperatures. Potentially the
BUE discussed in Section 3.3 may affect the wear rate trend by mitigating tool wear as the
uncut chip area increases.
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Figure 3-18. No discernible trend could be determined between predicted peak temperature
and measured wear rate as the uncut chip size increases when machining 1215 steel at 2 m/s.
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3.5 THIRDWAVE’S ADVANTEDGE MODELING
ThirdWave’s AdvantEdge modeling was used for comparison with experimental results. Two
dimensional simulations were used due to consistent cross sectional area of the chip, tool and
workpiece throughout the entire width of contact. Each simulation was modeled in standard
mode, rather than micro-machining mode, to reduce computation time. Standard mode
incorporates larger element sizes to reduce the number of total elements needed. A larger
element size allows larger time steps which further decreases computation time. Simulations
took approximately 10 hours for every 100 µm of cutting distance regardless of the DoC. The
cutting distances of simulations were 400 µm to allow for a complete chip to be developed.
Longer cutting distances were conducted to investigate the change in tool temperature. A
complete list of simulation parameters are provided in Appendix 9.4.
AISI 1118 steel was used as the workpiece material because of the absence of any 1200
series steels in the AdvantEdge material library. Both materials have similar properties
except for the 27% difference in yield strength. Table 3-2 provides a comparison of
mechanical and thermal properties of each material. The workpiece was dimensioned 0.3 mm
x 1.0 mm. All simulations had a chip width of 0.94 mm and thus will only be compared to
experiments with similar chip width.
Table 3-2. Property comparison of 1215 and 1118 Steel according to ThirdWave.
Material
Hardness (Brinell)
𝑾
Thermal Conductivity (𝒎∗𝑲)

1215
167
51.9

1118
150
51.9

Specific Heat (𝒈 °𝑪)

472

472

Modulus of Elasticity (𝑮𝑷𝒂)
Yield Strength (𝑮𝑷𝒂)
Ultimate Tensile Strength (𝑴𝑷𝒂)

200
415
540

200
315
525

𝒌𝑱
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The tool was modeled using the custom tool import option. The cutting edge radius was
scaled up to 500 nm from the estimated 50 nm radius on the experimental diamond tools.
Enlarging the cutting edge radius is necessary in the standard mode due to the minimum
element size requirement. The tool was sized 1 mm x 1 mm to allow the direct input of the
RTD measurements as the isothermal boundary conditions. Figure 3-19 shows a schematic of
the tool setup in ThirdWave simulations.

Figure 3-19. Schematic of the tool setup in ThirdWave simulations.
3.5.1 FORCE RESULTS
Initially, the coefficient of friction (  f ) was varied to estimate its impact on the average
cutting and thrust force values. AdvantEdge uses one  f for both the rake and flank face.
The smallest and largest DoC was simulated with friction coefficients of 0.2, 0.3, 0.4, and
0.5. These simulations had a reduced cutting distance of 150 µm and coarser mesh
regeneration to reduce computation time. Steady state forces were still reached within this
cutting distance to evaluate the effect of  f on the force results.
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Figure 3-20 shows the results of each DoC simulated at each  f and the average cutting and
thrust forces measured during experiments with the 0.94 mm chip width. Notice the
difference in the y-axis scaling due to the variation in forces. Cutting and thrust forces were
best modeled above the 0.5  f for the 2 µm DoC simulations. Cutting forces for the 10 µm
DoC were overestimated by an average of 37% across all values, but the thrust force was best
modeled between 0.3 and 0.4  f values. A single  f value could not provide accurate
modeling of forces across all simulations. A difference in experimental and AdvantEdge
workpieces as well as the lack of a BUE accounted for in the model may be the source of
differences.
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Figure 3-20. Effect of friction coefficient and its comparison to experimental forces at (a) 2
and (b) 10 µm DoC.
Final simulations with the 400 µm cutting distance and finer mesh generation used a  f of
0.4 due to Hesler’s analysis of this value giving accurate force results when varying cutting
speed with 1118 steel [8].
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Figure 3-21(a) and Figure 3-21(b) shows the thrust and cutting forces as a function time,
respectively. Forces reached steady state within 0.05 ms. The average cutting and thrust
forces were calculated between 0.05 and 0.15 ms.
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Figure 3-21. AdvantEdge predictions of (a) cutting and (b) thrust forces while machining a
0.94 mm wide 1118 steel disk at 2 m/s.
Figure 3-22 compares the averages forces from the simulations and the experiments.
AdvantEdge did predict a linear relationship between forces and DoC. However AdvantEdge
simulations predicted a larger increase for cutting forces as the DoC increased. Percentage
differences from the experimental cutting force varied from 5.4%, 21% and finally 36% as
the DoC increased from 2, 5 and 10 µm. Thrust forces were predicted with a percentage
difference from the experimental results of 34%, 6.3% and 7.2% as the DoC increased from
2, 5 and 10 µm.
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Figure 3-22. Comparison of average force of experiments and AdvantEdge ThirdWave
simulations after machining a 1215 disk with a 0.94 mm width at 2 m/s.
Figure 3-23 displays the normalized forces with respect to the uncut chip area. The
experimental values were discussed in Section 3.1. Similar results between AdvantEdge and
experimental measurements were found as the normalized forces decreased with increasing
DoC. However, the reduction in normalized forces was not as steep for the AdvantEdge
predictions. This is likely due to either the difference in model and workpiece material or the
effect of the BUE.
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Figure 3-23. Normalized forces of AdvantEdge predictions and experimental measurements
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As discussed in Section 3.3, the size of the BUE correlated to the DoC and uncut chip
thickness. Merchant’s model for forces discussed Section 1.2, included the rake angle of the
tool as a variable for the magnitude of the forces. Section 3.3’s SEM-EBID profiles of the
BUE showed the effective rake angle of the tool to increase due to the geometry of the BUE.
To determine if the BUE may be responsible for the discrepancy in experimental and model
forces, the tool with an effective BUE was imported into AdvantEdge and used to simulate
the 10 µm DoC. The size of the BUE was based on the profile of the BUE from the 10 µm
DoC experiment in Section 3.3. The tool is shown in Figure 3-24.

Figure 3-24. AdvantEdge model with the tool geometry created from the occurrence of BUE.
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The simulation had the exact same parameters as the original 10 µm DoC simulation except
for the difference in tool geometry. With this addition, the average cutting and thrust forces
at 24.3 N and 11.1 N were much closer to the experimental values. Figure 3-25 provides the
normalized forces shown in Figure 3-23 with the addition of the values predicted by the
AdvantEdge model with the BUE tool geometry. Due to the increased rake angle, the model
predicts similar normalized forces compared to the experimental results. This provides
evidence that the major factor in the discrepancy is the lack of the BUE within the model
causing an increase in the effective rake angle and reducing necessary forces. However, the
BUE will also change the uncut chip area due to extending below the intended DoC and thus
these results may vary slightly if the measurement of this extension was possible during these
experiments. Regardless though, the addition of the BUE in the model is shown to reduce the
forces necessary for cutting and better match the experimental results.

Figure 3-25. Normalized forces with respect to the uncut chip area for experiments, original
AdvantEdge simulations and the modified BUE-tool AdvantEdge simulation.
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3.5.2 TOOL TEMPERATURE RESULTS
Figure 3-26 through Figure 3-28 displays the predicted temperature gradients and chip
formation after machining 1118 steel for 400 µm at 2 m/s for each DoC, respectively.
Temperatures of the entire cutting process increased as the DoC increased The boundary
conditions at the back edges of the tool were set to isothermal with the RTD temperature of
each respective experiment. Figure 3-19 shows the location of the isothermal boundaries. The
highest temperatures are in the primary shear zone of the workpiece material. Much of the
workpiece is close to ambient temperature (20C ) with a steep gradient near the shearing
area because of 1118 steel’s low thermal conductivity (51.9 W/(m K)) compared to the
diamond tool (2000 W/(m K)) .

Figure 3-26. Temperature gradients predicted by AdvantEdge while machining 1118 Steel
with a diamond tool at 2 m/s for 400 µm at a 2 µm DoC.
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Figure 3-27. Temperature gradients predicted by AdvantEdge while machining 1118 Steel
with a diamond tool at 2 m/s for 400 µm at a 5 µm DoC.

Figure 3-28. Temperature gradients predicted by AdvantEdge while machining 1118 Steel
with a diamond tool at 2 m/s for 400 µm at a 10 µm DoC.
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A large temperature gradient did not form in the tool due its high thermal conductivity
(2000 W/(m-K)) . The bulk of the tool, except for the area close to the cutting edge, was at

the temperature of the isothermal boundary conditions. Figure 3-29 shows the temperature
gradient near the cutting edge after machining 1118 steel for 400 µm at a 10 µm DoC. The
peak temperatures after 400 µm of cutting were 46.6°C, 68.73°C and 91.37°C for the 2, 5
and 10 µm DoC, respectively.

Figure 3-29. AdvantEdge’s temperature gradient of the diamond tool after machining 1118 at
2 m/s at a 10 µm DoC.
The Steady State analysis option provided in AdvantEdge does not actually predict the steady
state peak temperatures, but rather averages the last 10%. As the cutting distance is
increased; the peak temperature increases due to the larger amount of total heat in the tool.
Figure 3-30 displays examples of the “steady state” temperature after machining at 400, 600,
800 and 1000 µm in the 2 µm DoC simulation. As the cutting distance increases, the tool
continually gets hotter despite having the steady state option enabled.
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Figure 3-30. AdvantEdge’s “Steady State” temperature gradients after machining for (a) 400,
(b) 600, (c) 800 and (d) 1000 µm at 2 m/s on 1118 steel.
The peak temperature and gradient of the tool will reach steady state once thermal
equilibrium is reached. This occurs when the heat input into the tool is equal to the heat
output due to the isothermal boundary conditions. This would require much longer cutting
distances than what are considered time manageable. Therefore, steady state peak
temperatures cannot be estimated with AdvantEdge simulations.
3.5.3 HEAT PARTITIONING ANALYSIS
The heat generated during machining is removed through three components: the tool, the
chip and the workpiece. Each component receives a certain amount of heat depending on
material properties and machining parameters. AdvantEdge was used to analyze the
percentage of heat flow into each component for all three DoC simulations. This analysis was
done by drawing a control volume around the heat generation area and estimating the heat
flow out with steady state closed form solutions. Figure 3-31 shows a schematic of the heat
generated during the 5 µm DoC simulation and control volume drawn around it.
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Figure 3-31. Heat has three means of exiting the cutting region: tool, chip and workpiece.
Equation (3.4) shows the power generation ( Ptotal ) is the summation of heat flow in the tool
(Qtool ) , chip (Qchip ) and workpiece (Qworkpiece ) .

Ptotal  Qtool  Qchip  Qworkpiece

(3.4)

Power generation is provided as a function of time in the TecPlot results for AdvantEdge
simulations. Figure 3-32 displays an example of the power generated, cutting force and thrust
forces for the 5 µm DoC simulation at 2 m/s. Equation (3.5) shows the average power
generation as the product of the cutting velocity and cutting force.

Ptotal  Fc vc

(3.5)

The average power generation was calculated between for the middle 50%; similar to
average forces in Section 3.5.1.

Figure 3-32. AdvantEdge’s power and force predictions for machining 1118 steel at 2 m/s
with a 5 µm DoC.
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Heat flow through the chip and workpiece was calculated using steady state closed form
solutions. The amount of heat flow in each is determined by Equation (3.6) where T is the
temperature, c p is the specific heat and m is the mass flow. Initial temperature was 20°C,
while the final temperature was the average temperature across area of interest.
Qchip  mchip c p (T final  Tinitial )
Qworkpiece  mworkpiece c p (T final  Tinitial )

(3.6)

The mass flow can be further broken down into the cross sectional area ( A) and velocity (vc )
and density (  ) as shown in Equation (3.7).

m   Avc

(3.7)

Across the chip and workpiece, polylines of data points along the control volume in Figure
3-31 were extracted. Using this data, the heat flow into the workpiece and chip are
calculated. The heat flow of the tool can then be calculated by using Equation (3.4) with the
total power generated from Figure 3-32 and heat flow through the workpiece and chip.
Figure 3-33 gives the amount of total power generated as well as the partition for the tool,
chip and workpiece. As expected, the amount of heat generation increases with the DoC due
to higher cutting forces. Subsequently, the amount of heat flow into each component also
increases.
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Figure 3-33. AdvantEdge’s total power generation and estimated amount of heat flow into
each component.
Figure 3-34 shows the percentage of heat flowing through each component as a function of
DoC. Overall, the majority of heat flows into the tool regardless of chip size. This is expected
because of the high thermal conductivity of the diamond. Essentially, the diamond acts as a
heat sink for the cutting process. As the DoC increases, a slight reduction in the percentage of
heat flow into the tool does occur. This is due to the increased size of the chip carrying a
larger percentage of heat away from the shear zone before it reaches the diamond tool. The
heat flow into the workpiece was consistently 29% regardless of the DoC.
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Figure 3-34. Estimation of the percentage of heat the tool, chip and workpiece get as a
function of DoC.
Figure 3-35 gives the total power generation as well as the estimated tool heat input for each
experiment and simulation. AdvantEdge’s predicted total heat and tool heat input are from
the analysis previously discussed. As for the experimental results, the estimated heat total
input for the tool uses the percentages based on AdvantEdge and the experimental expected
heat generation from Equation (3.5). AdvantEdge’s overestimation of the cutting forces on
the 5 and 10 µm DoC lead to an overestimation of tool heat and total heat compared to the
experimental values.
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Figure 3-35. Total heat generation and tool heat input predicted using AdvantEdge and
experimental results.
3.5.4 SHEAR ANGLE ANALYSIS
Shear angles were determined by Equation (1.10) where the DoC was known and tchip was
the width of the chip used for heat flow analysis. Figure 3-36 shows the shear angle of each
simulation was between 16° and 18°. AdvantEdge predicts an increase in DoC reduces the
shear angle slightly, but experimental investigations of the chip width and DoC relationship
would be needed to confirm. Hesler analyzed the shear angle when machining 1215 steel
with a diamond tool through high speed videos of machining processes and measurement of
chip width [8]. His measurements produced similar shear angle (~21°) across cutting speeds,
although the effect of DoC may still vary the shear angle. Variance in the shear angle may
also explain the increase in the percentage of heat flow through the chip. As the DoC
increases, the chip size becomes relatively larger and thus carries more heat away from the
cutting process. Figure 3-37 shows the approximate shear angle in line with the primary heat
generation area.
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Figure 3-36. Calculated shear angle across variable depths of cut.

Figure 3-37 Estimated shear angle is shown to be along the primary heat generation area.

3.6 CONCLUSIONS
1215 steel disks were machined using a straight edge diamond tool to examine the effects of
chip size on forces, heat generation, tool temperature, tool wear and BUE. Experiments
consisted of 2, 5, and 10 µm DoC with a chip width of 0.94 and 1.2 mm. Cutting distances
varied between 10, 20 and 30 m. Each experiment was machined at a cutting speed of 2 m/s.
MobilMet Omicron cutting oil was used. Force and temperature measurements were recorded
during experiments while tool wear and BUE were observed and measured afterwards.
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3.6.1 FORCES
Experiments were conducted with a constant chip width of 0.94 and 1.2 mm. Due to the
additional material removal; experiments at the same DoC had a variation in average forces
with respect to this. After normalizing the forces measurements with respect to chip width,
average cutting forces were at 8.1, 13.6 and 22.9 N as the DoC increased. Average thrust
forces were at 5.1, 7.4 and 12.8 N as the DoC increased. A reduction in the normalized
cutting and thrust forces with respect to the chip area was then determined as the DoC
increased. Two reasons were proposed for the trend: thermal weakening due to higher
temperatures or larger BUE changing the effective rake angle.
ThirdWave AdvantEdge was used for comparison with the experimental results. Using a
coefficient of friction of 0.4, cutting forces were over predicted by 5.4%, 21% and 36% as
the DoC increased. Thrust forces were more closely predicted at an overestimation of 34%,
and then underestimated at 6.3% and 7.2% as the DoC increased. AdvantEdge did produce a
similar decreasing trend with normalized cutting and thrust forces as the chip area increased.
However, the reduction was not as large. With the addition of the BUE profile to the
AdvantEdge tool, force results were much closer to the experimental measurements. This
provides evidence the difference is likely due to the lack of the presence of BUE in the
AdvantEdge model. Differences in the workpiece material between the experiments and
AdvantEdge models may also account for the force discrepancy.
3.6.2 TEMPERATURES
RTD measurements showed an increase in tool temperature as the uncut chip size grew. With
the use of a FE model, peak temperatures were estimated from the RTD measurements.
Although the FE model requires an accurate heat input area, which is difficult to quantify due
to micro sized contact between the tool and workpiece, the trend shows an increase of peak
temperature with chip size.
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ThirdWave’s AdvantEdge simulations further showed larger heat inputs into the tool as the
uncut chip size. This is due to the additional cutting force and power generated. The
percentage of heat flow into the chip was determined to slightly increase with its size, but not
enough to mitigate an increase in peak tool temperature. The majority of the heat flowed into
the tool due to its higher thermal conductivity. Heat flow through the diamond tool ranged
between 57% and 67%, while the heat flow into the chip ranged between 4% and 14%. The
workpiece consistently accounted for 29% of the heat generated.
3.6.3 TOOL WEAR AND BUILT UP EDGE
Wear measurements exhibited the unexpected result of an inverse relationship with chip size
(and subsequently, tool temperature) and wear rate. Smaller uncut chip area experiments
produced higher tool wear rates than the larger uncut chip area experiments. Large variation
in the wear rates from experiments with the same machining parameters was also noticeable.
These experiments provide evidence that temperature is not the only factor tool wear depends
on. The additional factor and reason for the unexpected results between the wear rate and
chip size (subsequently tool temperature) is believed to be due to formation of BUE during
machining.
When present, the BUE was observed to cover the rake face of the tool as well as the cutting
edge. The volume of BUE was observed to be proportional to the uncut chip size. If BUE
acts as a protecting layer on the cutting edge (as proposed in previous research [31]), then it
will mitigate the wear rate of experiments with larger uncut chip areas despite higher peak
tool temperatures.
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3.6.4 FURTHER EXPERIMENTS
Although the results determined with straight nose diamond tools provide insight into the
cutting process, these tools are not often used in actual machining operations. Specular
surfaces are produced using round nose diamond tools. Round nose diamond tools produce
chips with variable thickness rather than the constant thickness produced from the straight
nose diamond tools. This will then affect the formation of BUE and potentially tool wear.
Further experiments with round nose diamond tools are presented in the following chapters
to investigate the effect of variable chip thickness on BUE and tool wear. This then provides
insight into the machining parameters required to optimize machining process to create a
specular surface.
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4. ALUMINUM EXPERIMENTS WITH VARYING CHIP THICKENSS
Al-6061 was diamond turned with a nonoverlapping feedrate using approximately 0.5 mm
radius diamond tools. A nonoverlapping feedrate preserves the entire contact region between
the tool and workpiece by shifting the tool far enough on each revolution to not overlap any
part of the previous revolution’s groove. Figure 1-2(b) provides the geometry of the groove
produced by a nonoverlapping feedrate. The effects of tool wear and BUE formation on the
workpiece are captured by comparing the experimental grooves to a theoretical model.
Observation of the tool after experiments can provide insight into the geometry and presence
of BUE. Forces and surface temperature measurements were recorded to analyze the effect of
cutting speed.
Al-6061 is a commonly used material for optical components because of the ability to obtain
a highly specular surface. Despite similar sized asperities in Al-6061 and 1215 steel,
diamond tool wear was measured to be 1000x less for Al-6061 in previous research
[8,12,14]. Unlike aluminum, the iron of the steel acts as a catalyst for chemical reactions that
wear the tool, such as diffusion or graphitization. Due to the short cutting distance (10 m) of
these experiments, tool wear will not affect the impression left on the Al-6061 workpiece.
BUE formation is possible due to work hardening in aluminum alloys. Gokkaya noted the
effect of cutting speed on BUE when machining aluminum 2014-T4 with carbide inserts
[54]. Thus, experiments with Al-6061 provide a “diamond turnable” material reference to be
compared with steel experiments for the effect of BUE formation and tool wear on the
machined grooves.
Figure 2-5 and Figure 2-6 show the experimental setup. The material properties of Al-6061
are discussed in Section 2.2. Four experiments were conducted for a cutting distance of 10 m
at a 10 µm DoC for average cutting speeds of 0.25, 1, 4, and 8 m/s. MobilMet Omicron
cutting oil was used for every experiment.
For a 0.5 mm radius tool, a 10 µm DoC with a nonoverlapping feed, the uncut cross sectional
area is 1329 µm2. The exact uncut chip area varies from experiment to experiment due to
touch-off. A touch-off program of 1 µm was used to reduce this potential error to less than
10%.
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4.1 FORCE MEASUREMENTS
Figure 4-1 shows an example of the force measurements during machining Al-6061 at (a) 1
m/s and (b) 8 m/s for 10 m. Notice the difference in the x-axis values due to each experiment
lasting a different amount of time because of the cutting speed increase. A smoothing filter
was applied to each data set with a window size of 0.1% of the number of total data points
taken during each experiment. Smoothing was done by a percentage of data points for each
experiment rather than a set number due to large variation in number of data points taken for
the shortest (1.25 s) and longest (40 s) experiments.
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Figure 4-1. Cutting and thrust forces of machining Al-6061 with a nonoverlapping feedrate at
(a) 1 m/s and (b) 8 m/s.
A frequency corresponding to the spindle speed was noted in the cutting force variation of
the 1 m/s experiment. The frequency is noticeable in Figure 4-1(a) as the cutting force has a
cyclical shape to it. Similar to the 1 m/s experiment, cutting force measurements from the 4
m/s experiment also produced a frequency similar to the spindle speed. These were the first
two experiments conducted.
Table 4-1 provides the dominant frequency found in the cutting force data and spindle speed
of each experiment. The 0.25 and 8 m/s experiments did not have their dominant frequency
match the spindle speed.
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Table 4-1. Frequency comparison of cutting forces and spindle for all cutting speeds.
𝒗𝒄 (𝒎/𝒔)
0.25
1.00
4.00
8.00

Dominant 𝑭𝒄 Frequency
(𝑯𝒛)
0.10
3.40
10.40
1.43

Spindle Speed (𝑯𝒛)
0.58
3.30
10.20
22.50

The similarity of cut force and spindle speed frequency in the 1 and 4 m/s experiments is due
to the workpiece surface not being parallel with respect to the axis the tool is located on. This
error changes the DoC due to the workpiece coming partially out of contact with the tool on
each runout. The error occurred due to disengagement of the workpiece from the spindle to
measure the roughed surface on a Taylor Hobson TalySurf Series 2. This was done before the
actual diamond tool experiment to ensure the surface finish was acceptable (PV≤2 µm) so the
diamond would cut a consistent chip size. When reattaching the workpiece to the spindle,
axial runout would occur if the workpiece was not attached in the same way as it was
originally. This is because the back and front face of the workpiece are not parallel to each
other. Figure 4-2 shows an example of the axial runout caused by negligence while
reattaching the workpiece. Care was taken after these initial experiments to carefully realign
the workpiece as to how it was initially attached before the TalySurf measurements. The
surface was then measured after reattachment to ensure there was no axial runout.

Figure 4-2. Schematic of axial runout error caused by taking the workpiece off the chuck.
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To further account for touch-off errors (~1 µm or ≤10% of DoC) affecting the forces were
normalized with respect to the uncut chip area. The actual DoC was measured by the spike in
initial forces and the movement of the z-axis afterwards. Figure 4-3 shows the combined
force and z-axis movement data for the 1 m/s experiment. At 0 seconds, the spike in forces
occurs and the z-axis moves 9 µm after this point.
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Figure 4-3. Force data and z-axis movement of the 1 m/s experiment shows an actual 9 µm
DoC.
Combining this measurement of each experiment with the radius of the diamond tool, the
theoretical groove area was calculated using Equation (1.2). Neither tool wear nor BUE (as
shown in Section 4.3) was a factor in these experiments, so this was also an accurate
assessment of the actual groove area. Figure 4-4 provides the normalized force results.
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Figure 4-4. Normalized average forces with respect to uncut chip area across all cutting
speeds.
Maximum normalized forces occurred at 1 m/s and minimum occurred at 8 m/s. Percentage
difference of these normalized cutting and thrust force was 32% and 30%, respectively.
Normalized forces generally had a slight decrease as the cutting speed increased. Similar
results were found in Hesler’s experiments with Al-6061-T6. Marusich also concluded the
same effect of cutting speed on forces by using ThirdWave AdvantEdge modeling [55].

4.2 TEMPERATURE MEASUREMENTS
RTD measurements were taken during each experiment. Figure 4-5 shows temperature
measurements taken during each experiment. Time range of experiments varied widely so
each subplot has its own unique time scale on the horizontal axis. Steady state RTD
temperatures were 21°C, 24°C, 31°C and 44°C respectively for the 0.25, 1, 4 and 8 m/s
experiments.
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Figure 4-5. RTD measurements of machining Al-6061 with 10 µm DoC and nonoverlapping
feedrate at varying speeds.
Using the FE model discussed in Section 2.4, peak tool temperatures were predicted. Figure
4-6 shows the relationships between cutting speed, change in RTD measurement and change
in predicted peak temperature.
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Figure 4-6. Relationship of cutting speed with power generation and change in RTD
temperature.
A linear relationship between cutting speed and RTD temperature was observed. Combined
with Equation (2.14) this forms a linear relationship between peak temperature and cutting
speed as well. Equation (4.1) displays the relationship for the RTD temperature and Equation
(4.2) displays the relationship for peak temperature.
Al 6061: TRTD =2.902vc  20.4315

(4.1)

Al 6061: Tpeak =8.024vc  21.2026

(4.2)

4.3 GROOVE MEASUREMENTS
Measurement and analysis of the grooves provides insight into the effect of tool wear and
BUE. The further the groove differs from the tool shape, the more likely factors such as tool
wear and BUE are present. While BUE effectively causes the cutting edge to extend and
increase the DoC, tool wear causes the cutting edge to recede and decrease the DoC. Due to
the low tool wear rate when machining Al-6061, any noticeable differentiation is due to
BUE.
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Each experiment consisted of nonoverlapping grooves for 10 m of cutting distance created by
a 240 µm/rev feedrate. The number of grooves for each experiment changed depending upon
the starting radius. The first 10-20% of each experiment’s cutting distance consisted of the
diamond tool feeding into the workpiece to attain its 10 µm DoC. Table 4-2 provides the
starting radius, number of grooves and percent of cutting distance to attain DoC for each
experiment.
Table 4-2. Description of parameters for groove experiments
Cutting Velocity
(m/s)
0.25
1
4
8

Start Radius
(mm)
72
52
65
60

Total
Grooves
23.0
33.1
25.7
28.1

Cutting Distance Percent
to Attain DoC
13.50%
16.15%
20.23%
11.24%

0

Z (µm)

-2
-4
Z feed: 2 µm/rev
-6
-8
-10
First full DoC groove
0
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0.6

0.8

1
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Figure 4-7. Measurements of the first 7 grooves after cutting Al-6061 at 4 m/s.
Figure 4-7 shows the tool feeding down into the workpiece at a 2 µm/rev rate in the z-axis for
the 4 m/s experiment. The 10 µm DoC is attained on the sixth groove of this experiment.
Feeding in the z-axis for approximately 10-20% of the cutting distance was done to ensure
the tool would not be damaged by an initial spike in forces.
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The grooves were analyzed using the process described in Section 2.6. Figure 4-8 shows the
first full groove created by machining Al-6061 at 0.25 m/s. It is important to note the 1000:1
ratio between the x and z axes. The chip geometry is approximately 200 µm in the x-axis and
only 10 µm in the z-axis and requires the large axis ratio for plotting. Figure 4-8 shows the
differential area as well, but it is so small because the experimental groove matches the
theoretical model.
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Figure 4-8. First full DoC groove from machining Al-6061 with a nonoverlapping feedrate at
0.25 m/s.
Figure 4-9 through Figure 4-12 show the first three full sized grooves from machining at
0.25, 1, 4, and 8 m/s, respectively. The shaded differential area is shown for each groove but
is once again so small because the experimental grooves match the theoretical grooves.
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Figure 4-9. First three grooves after machining Al-6061 at 0.25 m/s.
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Figure 4-10. First three grooves after machining Al-6061 at 1 m/s.
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Figure 4-11. First three grooves after machining Al-6061 at 4 m/s.
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Figure 4-12. First three grooves after machining Al-6061 at 8 m/s.
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Figure 4-13 shows the average differential area for all cutting speeds as a function of cutting
distance. The exact uncut chip area depends on the radius of the tool and touch-off error
during experiments. Even though the area differential values have these factors accounted for
from the optimization of the theoretical groove’s placement, they do still occur and affect the
actual uncut chip area. Assuming zero touch-off error, the uncut chip area for a 0.5 mm
radius tool is 1329 µm2. The maximum differentiation shown in Figure 4-13 is 4% or only 53
µm2. This supports the case of minimal BUE occurring because the experimental grooves are
nearly identical to the theoretical grooves when machining Al-6061. Comparatively, the
results found in Section 5.3 show the formation of BUE when machining ferrous materials.
Across cutting speeds, the maximum variation is 26 µm2. This maximum occurs between the
1 m/s and 8 m/s experiments. However, the variation does not imply BUE is more prominent
in the 1 m/s experiment as 26 µm2 is within the resolution (discussed in Section 2.6) of
MatLab program. The resolution was estimated based on the waviness of an actual diamond
tool’s cutting edge and its variation from the perfect circular arc used in the program. The
area differential values and variation are much larger for the ferrous material results in
Section 5.3 and thus is not an issue in determining those trends.
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Figure 4-13. Differential cross sectional area analyzed as a function of cutting distance across
all cutting speeds.
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4.4 SEM IMAGES OF BUILT UP EDGE
After each experiment, the diamond tool was observed in the SEM for the presence of a
BUE. EBID measurements similar to those in Section 3.3 were taken if a BUE was observed.
Only one out of the four experiments (4 m/s) had any noticeable BUE on the tool. Figure
4-14 is a stitching of three images of the cutting edge after machining Al-6061 at 4 m/s. The
rake and flank face and cutting edge are specified. The cutting edge is still visible with a
small amount of BUE covering the rake face of the tool. Streaking is observed in the right
side of the image, but this is due to the cutting oil residual on the tool causing the tool to
charge rather features actually on the tool.

Figure 4-14. Cutting edge and BUE after machining Al-6061 at 4 m/s. Each image was taken
at 2kX.
Figure 4-15 shows an EBID line laid across the cutting edge and BUE as well as the
measured profile using Matlab. Very little effect of BUE on the cutting edge is seen in this
profile. This agrees with the minimal effect of BUE indicated by the groove measurements of
Section 4.3.
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Figure 4-15. EBID measurement of BUE on diamond tool after machining Al-6061 at 4 m/s.
Figure 4-16 is a stitching of three images of the diamond tool after machining Al-6061 at 1
m/s. No BUE is observed to cover the cutting edge or the rake face. Diamond tools after the
0.25 and 8 m/s experiments were observed to be similar in the absence of BUE. This shows
further support for the conclusion of BUE having very little effect while DT Al-6061 in
comparison to the machining experiments using ferrous materials in Chapter 5.

Figure 4-16. Cutting edge after machining Al-6061 at 1 m/s.
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4.5 CONCLUSIONS
Groove experiments were initially conducted with Al-6061 to provide a “diamond turnable”
comparison to similar experiments conducted with steel workpieces. The analysis of the
grooves left from the cutting process provides history into the presence and effect of BUE
and tool wear on the impression left on the workpiece. Using a nonoverlapping feedrate and a
10µm DoC, cutting speed was varied at 0.25, 1, 4, and 8 m/s. MobilMet Omicron cutting oil
was used during each experiment. Force and temperature measurements were taken during
each experiment and the machined grooves and tool were measured after the experiments.
4.5.1 FORCES AND TEMPERATURE
Average cutting forces ranged between 1.3 and 1.6 N while average thrust forces ranged
between 0.8 and 1 N. After accounting for touch-off error by correlation of the axis
movement with an initial spike in forces, normalized cutting forces were near 1 N/µm2 and
normalized thrust forces were near 0.6 N/µm2. A maximum of both forces occurred at 1 m/s,
while the minimum of both forces occurred at 8 m/s. Maximum and minimum normalized
cutting forces differed by 32% while maximum and minimum normalized thrust forces
differed by 30%. A slight decrease of normalized forces occurred as the cutting speed
increased. This agreed with the conclusions of previous research at the PEC [8]. This cutting
speed effect was also modeled using ThirdWave AdvantEdge by Marusich [55].
Surface measurements using an RTD correlated to a linear relationship with cutting speed.
Using the FE model described in Section 2.4, peak temperatures were extrapolated. A linear
relationship was produced between peak temperature and cutting speed. This was expected
due to higher cutting speeds inducing more heat generated.
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4.5.2 BUILT UP EDGE
In general, measurements of the grooves show the effect of tool wear and BUE formation in
the cutting process. Due to the low rate of tool wear when machining Al-6061, BUE
formation is the only potential factor for these experiments. Analysis of the workpiece
showed a maximum cross sectional area difference of 4% between the theoretical and
experimental grooves. This equates to an area difference of 53 µm2 from an estimated
theoretical cross section of 1329 µm2. Across the 200 µm length of the groove, an average
extension of 256 nm would occur for a 53 µm2 differential area, but this is at the edge of the
resolution of the Matlab program. Area differentials of this magnitude do not provide
evidence of BUE due to the waviness of the actual diamond tool compared to the theoretical
model used in the Matlab program. Touch-off error and slight variation in the placement of
the initial optimized groove likely accounts for a 4% difference or anything less.
Observation of the diamond tool after each experiment also showed little evidence of BUE
formation. Even with a BUE adhered to the tool after one experiment; the cutting edge was
still visible and thus did not show evidence of affecting the cutting process. These
experiments provide the ideal case seen with a material often used in DT applications.
Similar experiments with steel alloys will be compared to show the effect of tool wear and
BUE formation.
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5. STEEL EXPERIMENTS WITH VARYING CHIP THICKNESS
AISI 1215 and 1045 steel were turned with a nonoverlapping feedrate using 0.5 mm radius
diamond tools. A 10 μm DoC was used for all experiments. The same setup from the Al6061 experiments in Chapter 4 was used and is shown in Figure 2-5 and Figure 2-6. Chip
thickness across the entire contact length depended upon the DoC and radius of the tool. The
geometry of the uncut chip is show in Figure 1-2. Properties of both steel alloys are discussed
in Section 2.2.
Forces and tool surface temperatures were measured during experiments as described in
Section 2.3 and 2.4, respectively. Tool wear and BUE were measured using the SEM
technique described in Section 2.5. The machined grooves were analyzed using the processes
described in Section 2.6.
Forces were analyzed to determine the effects of cutting speed, groove area and workpiece
material. Tool wear measurements and predicted peak temperatures were used to define a
temperature based model for wear rate. Grooves were analyzed to determine the effects of
tool wear and BUE on the impression left on the workpiece. Due to the high rate of tool wear
when DT steel, the grooves are affected by not only BUE but also tool wear. This is in
contrast to the Al-6061 experiments, where only BUE was a potential factor.
A total of 20 experiments were conducted with 10 for each steel alloy. Average cutting speed
was ranged from 0.25 to 8 m/s and cutting distance varied between 10 and 20 m. Each
combination of cutting speed and distance was conducted on each steel alloy. Further
experiments were used to determine the repeatability of the results at 1 m/s for the 1215 steel
workpiece and 4 m/s for the 1045 steel workpiece. MobilMet Omicron cutting was applied
during each experiment.
For a 0.5 mm radius tool, a 10 µm Doc and nonoverlapping feedrate produces an uncut chip
with a cross sectional area of 1329 µm2. The exact theoretical uncut chip area varies from
experiment to experiment due to potential touch-off error and exact radius of the tool. A step
program of 1 µm was used during touch-off to reduce the potential error to less than 10% of
the DoC.
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5.1 FORCE MEASUREMENTS
Figure 5-1 shows an example of force measurements with respect to time for machining 1215
and 1045 steel at 1 m/s for 10 m. Figure 5-2 shows an example of force measurements with
respect to time for machining 1215 and 1045 steel at 4 m/s for 10 m. Forces reached
relatively steady state values once the tool reached the full DoC. This occurred between 10%
and 20% of the total cutting distance for each experiment.
A smoothing filter was applied to the data. The window size was set to 0.1% of the number
of total data points taken for each experiment. The window size was to a percentage rather
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than a set number points due to large variation in length of the experiments.
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Figure 5-1. Force measurements after machining 1045 and 1215 steel at 1 m/s for 10 m.
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Figure 5-2. Force measurements after machining 1045 and 1215 steel at 4 m/s for 10 m.
Average forces were calculated using the middle 50% of each experimental data set. Figure
5-3 displays the average cutting and thrust force of each experiment for both materials. For
machining the steel alloys, thrust forces were similar and both increased with cutting speed.
Cutting forces exhibited a slight decrease when machining 1045 steel after the 1 m/s mark.
Cutting forces were deemed independent of the cutting speed when machining 1215 steel.
Overall cutting forces when machining 1045 steel were 10 to 30% higher than when
machining 1215 steel. The increase in cutting forces likely occurs due to the 1045 steel being
a harder material than 1215 steel (253 to 197 Vickers, or approximately 28% higher). These
averages do include the effects of touch-off error, BUE and tool wear because they do not
eliminate the variance in groove area across experiments.
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Figure 5-3. Average force measurements after machining 1215 and 1045 steel at variable
cutting speeds.
Normalization of forces with respect to the groove area gives insight into the efficiency of
the cutting process across all cutting speeds. This is because the normalization gives the force
required to remove one area unit of the uncut chip. If touch-off error was the only
contributing factor, then axial movement and the initial spike in forces could be used to
measure the uncut chip area. This method was used in Chapter 4 because machining Al-6061
produced minimal BUE. However, due to BUE and tool wear contributing to the groove size,
forces were normalized with respect to the average groove area discussed in Section 5.3.
Figure 5-4 provides the normalized average forces for both materials.
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Figure 5-4. Normalized average forces with respect to the measured groove areas from 1215
and 1045 steel experiments
Normalized cutting forces when machining both materials ranged between 0.003 and 0.0045
N/µm2 while normalized thrust forces ranged between 0.001 and 0.003 N/µm2 for both
materials. Normalized cutting forces slightly increased with the cutting speed when
machining 1045 steel, while no dependency on the cutting speed was found for the
normalized cutting forces when machining 1215 steel. Normalized thrust forces when
machining both materials increased with the cutting speed and were similar in values.
Despite the higher hardness of 1045 steel (253 to 197 Vickers), machining 1045 steel
produced similar normalized cutting forces to those of the 1215 steel experiments. In Figure
5-3 the effect of the hardness was observed because the cutting forces were 10-30% higher
when machining 1045 steel compared to 1215 steel. However, on an efficiency basis, the
1045 steel normalized cutting forces were very similar to those of the 1215 steel. One
possible reason for this may be the effect of BUE.
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Korkut et al. discussed the role of BUE reducing cutting forces by changing the effective
rake angle when milling 1040 steel [53]. Groove analysis in Section 5.3 determined the
presence of BUE across all cutting speeds to be higher when machining 1045 steel rather
than 1215 steel. The larger BUE when machining 1045 steel may create a more efficient
cutting process compared to the 1215 steel. This would result in lower than expected
normalized cutting forces if only the hardness values were used to predict cutting forces.
Because of this, the normalized cutting forces when machining 1045 steel approach the
values seen when machining 1215 steel despite the hardness difference.
Three out of the four normalized force trends shown in Figure 5-4 increased with cutting
speed. The 1215 steel normalized cutting forces did not exhibit a decreasing or increasing
trend, however further testing could be done to confirm this anomaly. Similar to reasoning of
the comparative normalized cutting forces for both materials, this could be due to BUE.
Groove analysis in Section 5.3 showed the BUE to reduce as the cutting speed increased
when machining both materials. Due to the lack of an effective rake angle change from the
BUE, higher cuttings speeds would be less efficient and perhaps require higher normalized
forces.
Although the BUE is a possible explanation for the relationships discussed above, the yield
strength and subsequent required forces to machine a material may also change based on the
machining parameters. ThirdWave’s AdvantEdge model is utilized in Section 5.6 to
understand the effect of cutting speed on three factors affecting the yield strength: plastic
strain, strain rate and temperature. AdvantEdge uses a constitutive model to incorporate the
effects of these parameters into the yield strength of the material.
Within some experiments, the measured groove area varied enough to produce a noticeable
variation in force measurements. The average force and groove area of every revolution was
correlated to produce force trends within the experiments. Figure 5-5 and Figure 5-6 provide
examples of this on 1215 and 1045 steel, respectively.
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Figure 5-5. Forces compared to groove area during a 1 m/s cut for 20 m on 1215 steel.
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Figure 5-6. Forces compared to groove area during a 4 m/s cut for 20 m on 1045 steel.
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5.2 TEMPERATURE MEASUREMENTS
RTD measurements were recorded during each experiment. Measurements were taken to
estimate the steady state temperature at each cutting speed so the steady state peak tool
temperature could be extrapolated. The RTD was covered to limit chip interference from
occurring. However, two out of the twenty experiments had substantial chip interference.
This short circuits the RTD from the rest of the circuit and gives the inability to measure
temperature
The same filter as used on the forces measurements was applied to temperature
measurements. Figure 5-7 and Figure 5-9 shows the measurements at each cutting speed
while machining 1215 and 1045 steel, respectively. Each cutting speed has its own plot due
to the large variation in time. All experiments began at ambient temperature (20°C). Cutting
distance varied between 10 and 20 m and thus experiments with the same cutting speed
lasted different amounts of time.
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Figure 5-7. RTD measurements of each experiment with a 1215 workpiece.
130

When machining 1215 steel, temperature measurements from the experiment with a 0.25 m/s
cutting speed and a cutting distance of 20 m were interfered with by the chips. This is why
only one measurement is shown at the 0.25 m/s cutting speed in Figure 5-7. However, due to
the low heat input and slow speed, steady state temperatures were reached for the shorter
cutting distance of 10 m. The nine non-interfered measurements are shown in Figure 5-7. A
small amount of chip interference did occur on the experiment with a cutting speed 8 m/s and
a cutting distance of 10m as shown in Figure 5-7. The chip interference is shown as a straight
line because the data points for this period were removed. Near the end of the experiment
though, the chips were removed from the RTD and temperature was briefly measured near
86°C before the tool was disengaged from the workpiece.
Steady state temperatures were reached for the 0.25, 1 and 4 m/s experiments while the 8 m/s
experiments only reached steady state for the longer cutting distance. Steady state
temperatures of Figure 5-7 were within 10°C for all experiments conducted at the same
cutting speed. Variation of temperature is due to two potential reasons: groove size variance
(subsequently the power generated) or the effect of cutting oil.
As shown in Section 5, the cutting and thrust force varied according to the groove size.
Equation (3.5) estimates the total power generated from the cutting speed and cutting force.
If experiments with the same machining parameters had a variance in groove size and
subsequently cutting force, then the power generation will also vary. The estimated total
power generation of each experiment was calculated and compared with the RTD
measurements in Figure 5-8. Experiments at the same cutting speed with higher power
generation correlated with the higher steady state temperatures. It is important to note this is
not the estimated heat input into the tool because this total will be partitioned into the
workpiece, chip and tool. As the total power generation varies though, the heat input into the
tool will also vary.
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Figure 5-8. A power law relationship was the best fit between the estimated power generation
and RTD temperature for 1215 experiments.
Figure 5-9 provides the RTD measurements when machining 1045 steel. One experiment at a
cutting speed of 4 m/s for 10 m of cutting distance had chip interference. However, the other
three experiments conducted at this cutting speed did not have interference and resulted in
steady sate temperatures. The nine non-interfered measurements are shown in Figure 5-9.
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Figure 5-9. RTD measurements of each experiment with a 1045 workpiece.
Steady state was reached for all experiments shown in Figure 5-9. Compared to the 1215
steel experiments, the 8 m/s experiments with a 1045 workpiece measured 20℃ less. Similar
to the 1215 steel experiments, an analysis was done to compare the expected power
generation with the RTD temperatures for experiments with the same cutting speed. Figure
5-10 shows the total power generation compared to the change in RTD measurement from
ambient temperature for each experiment.
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Figure 5-10. A power law relationship was the best fit between the estimated power
generation and RTD temperature for 1045 steel experiments.
After using the cutting forces for each experiment to estimate the power generation, it was
determined the variation in RTD measurements for the 1 and 4 m/s experiments could not be
explained. The reason for the slight differentiation may be explained by the second option
previously discussed: effectiveness of cutting oil. The volumetric flow of cutting oil was not
precisely controlled during experiments and thus varied. The contact point was generally the
rake face but not precisely controlled either. If the exact contact point or volumetric flow
varied in experiments with the same cutting speed the effectiveness of transferring heat away
from the diamond may also have varied.
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Figure 5-11. Change in RTD temperature and predicted peak temperature from ambient as
the cutting speed varies for both 1215 and 1045 steel.
Figure 5-11 displays the relationship between cutting speed, RTD temperature change and
peak tool temperature change of each steel alloy. Only experiments reaching steady state
temperature with no chip interference were included. Peak tool temperatures were estimated
using the relationship developed from an FE model in Section 2.4.
Similar RTD measurements were made for machining both materials from 0.25 to 4 m/s. At
the 8 m/s mark, measurements were approximately 20℃ less when machining 1045 steel
compared to machining 1215 steel despite increased expected power generation. This results
in a steeper increase between cutting speed and temperatures for the 1215 steel experiments
as shown in Figure 5-11. A potential reason for the differentiation may be the varying
percentage of heat flowing into the tool when machining either steel alloy. As the total power
generation increases with cutting speed, this difference becomes more noticeable.
Power laws were the best fit for the cutting speed relationship with the change in RTD
temperature. Equation (5.1) gives the relationship for each material.
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1215 : TRTD =14.77vc.673  20C
1045 : TRTD =13.43vc.617  20C

(5.1)

Power laws were the best fit for the cutting speed relationship with the change in peak tool
temperature as well. Equation (5.2) gives the relationship for each material.
1215: Tpeak  41.37vc.673  20C
1045 : Tpeak  37.61vc.617  20C

(5.2)

5.3 GROOVE MEASUREMENTS
Ultimately the goal of DT is to produce a quality surface finish. Dynamic changes in the
cutting edge due to BUE and tool wear reduce the possibility of machining a specular
surface. Analysis of the grooves left from machining with a nonoverlapping feedrate
provides insight into the effect of tool wear and BUE. Unlike the Al-6061 experiments,
accelerated tool wear rates occur when machining ferrous materials. This additional factor
along with the potential presence of BUE combine to affect the grooves left on a ferrous
workpiece. This combination of BUE and tool wear can be thought of as a “net change” of
the cutting edge due.
5.3.1 TALYSURF MEASUREMENTS
TalySurf measurements were made similar to those in Section 4.3 of the Al-6061
experiments. The grooves were analyzed using a Matlab program. Approximately 10-20% of
the total cutting distance for each experiment consisted of feeding the tool down to attain the
full 10 µm DoC. The placement of the theoretical groove was then optimized using this first
full DoC groove. Each subsequent theoretical groove after the initial one was placed based
on the recorded movement of the axes during the experiment. The differential area between
the theoretical and experimental grooves was then calculated. A complete description of the
analysis is provided in Section 2.6.
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Figure 5-12 Measurements of the first 7 grooves from machining 1215 steel at 4 m/s.
Figure 5-12 shows an example of the z direction feedrate occurring at the beginning of each
experiment. For this example, the first five grooves were used to feed down to the 10 µm
DoC. The number of grooves to feed down varied between three and five depending upon the
starting radius of the experiment.
The initial grooves are much rougher than those shown in Section 4.3 with Al-6061. Figure
4-7 shows the same initial grooves from the aluminum workpiece. The difference is due to
presence of steel material picking up on the tool right after initial contact. Figure 5-13 shows
the first seven grooves when machining 1045 steel at 0.25 m/s. This experiment provided the
one observed exception to the rule by having a relatively smooth initial groove that indicates
minimal BUE. The successive groove was much rougher and indicated the growth of a BUE.
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Figure 5-13. Measurements of the first 7 grooves from machining 1045 steel at 0.25 m/s.
First groove is relatively smooth compared to all others.
Figure 5-14 through Figure 5-17 show the first full grooves when machining 1215 steel at
0.25, 1, 4 and 8 m/s. Figure 5-18 through Figure 5-21 provide the first full grooves when
machining 1045 steel at 0.25, 1, 4 and 8 m/s. The shaded area on each figure is the calculated
differential area between the experimental and theoretical groove. Machining both steels
produced rougher and larger grooves than the Al-6061 examples provided in Chapter 4.
Machining 1045 steel generally produced larger differential areas than 1215 steel.
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Figure 5-14. First three grooves after machining 1215 steel at 0.25 m/s.
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Figure 5-15. First three grooves after machining 1215 steel at 1 m/s.
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Figure 5-16. First three grooves after machining 1215 steel at 4 m/s.
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Figure 5-17. First three grooves after machining 1215 steel at 8 m/s.
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Figure 5-18. First three grooves after machining 1045 steel at 0.25 m/s.
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Figure 5-19. First three grooves after machining 1045 steel at 1 m/s.
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Figure 5-20. First three grooves after machining 1045 steel at 4 m/s.
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Figure 5-21. First three grooves after machining 1045 steel at 8 m/s.
The extension of the groove along the entire contact length can be measured by finding the
difference between the theoretical and experimental points. Measurements of the extension
were made with respect to the origin of the theoretical groove (and radius of the tool) so that
the measurements are normal to the arc of the groove. Figure 5-22 shows a schematic of the
tool’s theoretical groove and an experimental groove. Equation (5.3) shows the relationship
to calculate the extension.

ΔGroove = d2  d1

(5.3)

Figure 5-22. The extension of the experimental groove from the theoretical groove is
measured with respect to its origin.
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Figure 5-23 is the change in the groove depth for the first groove (left most) shown in Figure
5-14 to Figure 5-21. Generally the 1045 steel experiments produced a larger extension which
indicates a larger BUE. Each 1215 steel measurement had an extension of no larger than 5
µm, while the 1045 steel measurements extended to nearly twice the intended groove depth
(10 µm) for the 1 and 4 m/s experiments. Both materials had minimum extension at the
highest cutting speed, 8 m/s. The variation across cutting speeds was also wider for the 1045
steel.
General shape of the measurements indicates the largest extension near the middle of the
groove with it reducing as it nears the edges of contact. It is likely due to the additional
material flow at the thickest part of the chip that allows additional material adheres to the
tool. The larger size of the BUE then further lengthens the extension of the groove in
comparison to the ends of contact. This shows a correlation of the size of the BUE with the
thickness of the chip. Section 5.4 extends this discussion by providing SEM observations of
the geometry of the BUE that is adhered to the tool.

 Groove

(µm)

10
1215 Steel

0.25 m/s

1 m/s

4 m/s

8 m/s

7.5
5
2.5

 Groove

(µm)

0
10
1045 Steel
7.5
5
2.5
0

0

0.04

0.08

0.12
X (mm)

0.16

0.2

0.22

Figure 5-23. The extension of the first groove from BUE for the experiments shown from
Figure 5-14 to Figure 5-21.
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Calculating the shaded differential area (as shown in Figure 5-14 through Figure 5-21)
between the experimental and theoretical groove quantifies the effect of cutting speed and
workpiece material on the ability to produce a quality surface finish. Differential area varied
widely depending upon the combination of these two parameters. The exact uncut chip area
depends on the radius of the tool and the actual depth of cut. As in the aluminum experiments
though, an estimate of the theoretical groove area is 1329 µm2 for a 0.5 mm nose radius
combined with a 10 µm DoC.
As described in Section 2.6, the differential area of the theoretical groove and experimental
groove was measured below 3Ra of the initial roughened surface. This was done to ensure
any height variation in the carbide surface between experiments did not affect the differential
area values. This was shown in the experimental and theoretical groove comparisons from
Figure 5-14 to Figure 5-21 as the horizontal bar near the top of the groove.
Figure 5-24 to Figure 5-27 show the differential area of the grooves as a function of the
cutting distance. Each one shows all 1045 and 1215 steel experiments with a cutting distance
of 10 m at the specified cutting speed. The 20 m experiment measurements are provided in
Appendix 9.5. In all measurements, the differential area never approached zero. This means
there was consistently an extension of the tool due to BUE despite small potential break offs.
Al-6061 results of Chapter 4 are included to provide a reference to a diamond turnable
material that does not form a prominent BUE. In general, machining 1045 steel showed the
largest area differentials. This was followed by 1215 steel and finally Al-6061. Similar
results were found in the 20 m experiments as well.
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Figure 5-24. Differential area for all three materials when machining at 0.25 m/s.
Figure 5-24 shows the differential areas at 0.25 m/s. A variation of 250 µm2 across the
cutting distance was determined for the 1045 steel experiment. The 1215 steel experiment
was more consistent with a change of only 150 µm2. Consistently, the 1045 steel experiment
had much larger differential areas than the 1215 steel experiment. This indicates a larger
extension of the tool due to an increased BUE when machining 1045 steel rather than 1215
steel. Similar results were determined for the 20 m experiments.
Figure 5-25 shows the differential areas of the 1 m/s experiments. Three experiments were
conducted on 1215 steel for repeatability comparison while only one experiment was
conducted on 1045 steel. The average area differential for the 1045 steel experiment varied
by 700 µm2 and indicates a rapid change in the extension of the tool. All three 1215 steel
experiments started at very similar differential areas. At the 3.5 m mark, two continued the
same trend, while one experiment had a drastic increase in differential area. At the 8 m mark,
the differential area then drastically reduced for this experiment and implies a large BUE
broke off. The grooves from this experiment then stayed at a consistent size and were
comparative to the other two experiments. Variation of the two similar experiments was
approximately 300 µm2 while this exception grew to nearly 5 times its original differential
area.
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The experimental exception of the 1215 steel experiments also had a noticeable higher
cutting and thrust force than the other two as shown in Figure 5-3. The average cutting force
of the two similar 1215 experiments was 5.4 and 6.0 N, while the exception was 7.7 N.
Thrust force for the exception was 4.5 N, while the other two 1215 steel experiments had
were 3.0 and 3.4 N. Generally, the 1045 steel experiment had the largest differential area at
the 1 m/s mark. Similar results were determined in the 20 m experiments.
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Figure 5-25. Differential area for all three materials when machining at 1 m/s.
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Figure 5-26. Differential area for all three materials when machining at 4 m/s.
Figure 5-26 shows the results of the experiments conducted at 4 m/s. Three of these
experiments were conducted on the 1045 steel for repeatability comparison, while one
experiment was conducted at 1215 steel. All three 1045 steel experiments were consistently
above the 1215 steel and Al-6061 experiment. Variation of each 1045 steel experiment was
approximately 500 µm2, while the 1215 steel experiment varied by about 200 µm2. However,
one experiment out of the three 1045 steel experiments had a considerably smaller average
differential area than the other two. This coincided with the experimental forces as the
experiment with the smaller average differential area had an average cutting force of 5.7 N
while the other two had averages 7.3 and 7.2 N. The 20 m measurements provided similar
results with the 10 m cutting distance experiments as 1045 steel had the largest differential
area across the entire cutting distance.
Figure 5-27 displays the differential area as a function of cutting distance for 8 m/s
experiments. The 1215 steel experiment had a larger average differential area and variation
when compared to the 1045 steel experiment. This contrasted the results of the other cutting
speeds. However, the results were not repeatable in the 20 m experiments as the grooves
machined onto the 1045 steel workpiece had a larger differential area than those produced on
1215 steel. These 20 m experimental results are provided in Appendix 9.5.
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Figure 5-27. Differential area for all three materials when machining at 8 m/s.
Figure 5-28 displays the average differential groove area for all of the experiments at each
cutting speed for all three materials. Consistently, 1045 steel had the largest differential
groove area at all cutting speeds, indicating BUE was most prominent with this material.
1045 steel also had the greatest drop in differential area across cutting speeds. This indicates
a higher sensitivity to the cutting speed compared to 1215 steel. Both materials were
consistently worse than the Al-6061 reference.
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Figure 5-28. Average differential area across all cutting speeds for 1215 and 1045 steel and
Al-6061.
Figure 5-29 displays the average percentage of area differential for the experimental grooves
compared to a theoretical groove’s cross sectional area. 100% would be an exact match while
anything over 100% means the experimental groove is larger than the theoretical groove and
anything under 100% means the experimental groove is smaller than the theoretical groove.
On a percentage basis, the 1045 steel had by far the largest experimental grooves and a
higher sensitivity to cutting speed as indicated by the slope of each line segment.
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Figure 5-29. Average percentage of a theoretical groove for each experimental groove across
all cutting speeds for 1215 and 1045 steel and Al-6061.
5.3.2 OPTICAL PROBE MEASUREMENTS
An optical probe was employed to map the grooved surface in 3D. The setup is discussed in
Section 2.6. A 1045 steel experiment at 8 m/s and a 1215 steel experiment at 0.25 m/s were
measured.
Figure 5-30 displays a groove measured after machining 1045 steel at 8 m/s. A groove that
starts at 66.7 mm from the center of workpiece is approximately 419 mm long for a single
revolution. Slight variation (~2 µm) at the bottom of the groove can be seen by change in
shading.
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Figure 5-30. Groove variation on 1045 steel for one revolution at 8 m/s.
Using this image of the groove, the change in depth along the bottom can be measured. The
average of the top of the land was set at 0 µm and the bottom of the groove was measured
with respect to this surface. Figure 5-31 shows the change along the groove. The DoC line
was provided by calculating the z-axis movement after the initial spike in forces. This was
done in the same process as those calculated of Section 4.1 to determine the actual DoC in
the experiment. For this experiment, the DoC was actually 10.7 µm due to touch-off error. As
shown in Figure 5-31, the bottom of the groove varies in depth but is consistently below the
DoC. This indicates that although the size of BUE and its effect may vary slightly, the tool is
never consistently clean of the adhered material.
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Figure 5-31 Variation at the bottom of the groove with respect to the top land from Figure
5-30.
Figure 5-32 displays a groove measured after machining 1215 steel at 0.25 m/s. The change
in surface at the bottom of the groove was measured with respect to the top land. Variation
can be seen due to the differentiation in shading.

Figure 5-32. Groove variation on 1215 steel for one revolution at 0.25 m/s.
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Figure 5-33 shows the change in the bottom of the groove. Unfortunately, the experimental
data covering the feed down portion of this experiment was lost due to acquisition issues.
This means the DoC cannot be compared to the bottom of the groove as what was done with
the 1045 steel experiment as shown in Figure 5-31. Variation of the 1215 steel groove is still
shown to be between 9-12 µm. A step down occurs at the 225 mm mark may indicate the size
of the BUE changed suddenly due to adherence of additional material.
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Figure 5-33. Variation at the bottom of the groove with respect to the top land from Figure
5-32.
The optical probe measurements indicate that the bottom of the grove is continuously
changing due to variation in the size of the BUE. In addition, the one experiment with
comparison of the DoC to the bottom of the groove indicates the tool is never completely
clean of adhered material.

5.4 SEM IMAGES OF BUILT UP EDGE
The BUE on each tool was observed in the SEM before it was removed for wear
measurements. The diamond tool was soaked in acetone to remove residual cutting oil to
reduce charging in the SEM. Although this only shows a snapshot of the cutting edge at the
end of the experiment it does provide insight into the geometry and combination of tool wear
and BUE. Figure 5-34 shows an example of a diamond tool with and without the BUE
attached to the diamond at 650X magnification.
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Figure 5-34. SEM images of the BUE and tool wear from machining 1215 steel at 4 m/s.
Both images were taken at 650X magnification.
Comparison of the images in Figure 5-34 shows the size of the BUE is much larger than the
wear land. The BUE is attached to the tool for approximately two-thirds of the contact length
between the tool and workpiece. This doesn’t necessarily mean no BUE occurred for the
other one-third of the contact length. Part of the BUE likely broke off right before the
experiment ended or when the tool was taken out of the workpiece. The top image shows tool
wear is visible across the entire contact length, even the two-thirds with the BUE attached.
This is because the wear land forms predominantly on the flank face, while the BUE is
predominantly on the rake face. These two factors meet at the cutting edge to combine to and
affect the cutting process.
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Another example of the simultaneous visibility of wear and BUE is Figure 5-35. Three SEM
images were taken at 1.2kX magnification and stitched together to show the entire contact
length of the tool and workpiece. These images were taken after machining 1215 steel at 8
m/s for 10 m. The BUE in this case is much smaller than what is shown in Figure 5-34,
however the adhered material still covers the rake face near the cutting edge. Tool wear is
visible on the flank face of the tool for the entire contact length regardless of the presence of
a BUE. As shown in the first example of Figure 5-34, these two factors combine at the
cutting edge.

Figure 5-35. BUE and wear land were visible on the diamond tool after machining 1215 steel
for 10 m at 8 m/s. Images were taken at 1.2kX.
The EBID technique for measuring wear profiles was extended to measure the profile of a
BUE. Although difficult due to the uneven surface and charging issues, a profile was
extracted after machining 1215 steel at 0.25 and 1 m/s. Figure 5-36 and Figure 5-37 shows
the profiles of the worn tool and BUE as well as an SEM image of the BUE on the tool,
respectively for the 0.25 and 1 m/s experiments. The tool wear and BUE profiles of each
experiment were measured at the same spot by referencing the end of the wear land.
The profiles show in comparison to the tool wear, the size of the BUE is much larger. The
BUE extended away from the rake face. Extension in the downward direction also occurred
but was not as noticeable as the extension away from the rake face. The effective cutting
edge radius created by the BUE is also 60x larger than the original diamond cutting edge.
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Figure 5-36. Profile of the BUE and tool wear at the same location on tool after machining
1215 steel at 0.25 m/s for 10 m.

Figure 5-37. Profile of the BUE and tool wear at the same location on tool after machining
1215 steel at 1 m/s for 10 m.
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Figure 5-38 shows three stitched SEM images of the BUE on the diamond tool after
machining at 8 m/s on 1045 steel. Images were taken at 1kX magnification. The BUE at the
center is noticeable larger than at the outer regions of the contact length between the tool and
workpiece. This is most noticeable at the very edges of contact where accelerated regions of
wear occurred. The geometry of the BUE indicates a correlation to the chip thickness.
Observations of the BUE after other experiments also showed this correlation. This
relationship between the chip thickness and size of the BUE was initially noted in Chapter
3’s experiments. Section 5.3’s analysis of the grooves machined into the workpiece also
indicated the relationship by measuring the extension between the theoretical groove and
experimental groove across the contact length.

Figure 5-38. BUE after machining 1045 steel at 4 m/s. Edges of contact were characterized
as free of BUE and accelerated groove wear.
As another example, Figure 5-39 provides the view of a BUE from the normal of the flank
face. The image was taken at 500x magnification and the rake face is not shown due to the
orientation. After machining 1215 steel at 1 m/s, the size of the BUE was observed to vary
with the chip thickness. The largest section of the BUE was at the center of the contact region
where the thickest part of the chip was located. As the chip thickness decreases, the size of
the BUE also decreases.
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Figure 5-39. A view normal to the flank face of tool shows the BUE varies in size after
machining 1215 at 1 m/s.
In conclusion, these observations show the consistent geometry of the BUE as adhered to the
rake face of the tool and varying in size with the thickness of the uncut chip. The largest size
of the BUE consistently aligned with the thickest part of the uncut chip. As the thickness of
the uncut chip decreased, the size of the BUE did as well. Although the tool wear was often
visible due to its location on the flank face, the accelerated wear regions at the edges of
contact correlated with a no BUE. This indicates the adhered material may play a protecting
role for the tool by separating the material flow from the cutting edge. These observations
provide support of the reasoning in Chapter 3 for the lack of an increase in tool wear rate
when machining a larger chip.
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5.5 DIAMOND TOOL WEAR MEASUREMENTS
After observations of the BUE, the tool was prepped for wear measurements as described in
Appendix 9.2. The EBID technique as described in Section 2.5 was used for wear
measurements. An accurate assessment of the worn volume on a round nose diamond tool
required multiple measurements across the wear land as a result of the non-uniform wear
across the edge of the tool. Figure 5-40 shows the variation in wear across the tool. The wear
land from nonoverlapping grooves includes large worn regions at the edges of contact with
less wear in between. These large worn regions are located at the thinnest part of the chip
during machining.

Figure 5-40. Wear land from machining 1215 steel at 8 m/s for 20 m.
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Figure 5-41 shows the worn cross sectional area measured with each EBID line. The
numbers correspond to the same ones in Figure 5-40. The location of each measurement was
recorded with respect to the center of the wear land. This was done for all experiments. The
worn volume of the tool from Figure 5-40 is symbolized by the gray filled in area on Figure
5-41. This volume was calculated through numerical integration using a trapezoidal
approximation as discussed in Section 2.5. Approximately 7 EBID measurements spaced 30
µm apart were made for each tool.
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Figure 5-41. Measured worn area for the profiles shown in Figure 5-40.
The angle of the wear land with respect to the cutting direction for each experiment was
measured with an EBID line near the middle of the worn length as shown in Figure 5-42.
Previous research at the PEC observed a unique wear angle when machining ferrous
materials compared to aluminum and other diamond turnable materials [8,12,14]. Abrasive
wear produced by machining Al6061 was measured parallel to the cutting motion, while the
thermochemical wear when machining 1215 steel was measured at approximately 20° with
respect to the cutting motion. The results of machining ferrous material with a straight nose
diamond tool in Section 3.4 showed the same 20° wear angle, however machining ferrous
materials with the round nose diamond tools produced a smaller angle as shown in Figure
5-42 and Figure 5-43.
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Figure 5-42. Approximate angle of the wear land after machining 1045 steel at 4 m/s for 20
m.
Figure 5-43 shows the angle of each experiment for 1215 and 1045 steel as well as the linear
fit of each material’s angles. Generally the angle of the wear land with respect to the cutting
motion was between 4° and 9° for all experimental cutting speeds. 1045 steel produced wear
angles 1°-2° smaller than 1215 steel, although the reason is unclear. A slight decrease in the
wear angle was also observed as the cutting speed decreased for both materials.

161

Wear Angle with Respect to Cutting Motion (°)

15
1045 Steel
1215 Steel
1045 Steel
1215 Steel

12

9

6

3

0

0

1

2

3
4
5
Cutting Speed (m/s)

6

7

8

Figure 5-43. Wear angle with respect to cutting motion for both material across all cutting
speeds.
Figure 5-44 and Figure 5-45 shows the profiles used to quantify the wear angles for each
material across all cutting speeds for experiments with a cutting distance of 20 m. This was
eight out the twenty total experiments. The magnification of each picture depended on the
size of the wear land and is provided in the bottom right portion of each image. Scaling is
located at the bottom portion of the images as well.
Sub-µm spaced grooves were prevalent for each experiment. These indicate small differences
in the wear rates locally across the wear land. The grooves were approximately parallel to the
cutting motion but varied slightly in some cases. Komanduri et al. observed grooves in
diamond when grinding 1018 steel and concluded preference to a certain crystallographic
plane for thermal wear to occur [18]. In comparison though, Komanduri’s results showed
grooves much wider than shown here.
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Rather than preference to crystallographic orientation, asperities in the workpiece may
produce the sub-µm spaced grooves. Asperities are hard, brittle inclusions, such as cementite,
within the matrix of the workpiece. Hard inclusions may accelerate tool wear rate by
increasing the abrasive wear effect. Shi discussed the effect of asperities on the wear of the
diamond tool when machining Al6061, 1215 steel and 416 stainless steel [12]. She observed
the sub-µm grooving on a diamond tool’s wear land after machining 1215 steel and
concluded this to be a potential effect of the asperities.

Figure 5-44. Profiles used to quantify the wear angle of 1045 steel experiments after 20 m at
(a) 0.25 m/s, (b) 1 m/s, (c) 4 m/s and (d) 8 m/s. Images were taken at (a) 15kX, (b) 20kX, (c)
35kX and (d) 25kX.
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Figure 5-45. Profiles used to quantify the wear angle of 1215 steel experiments after 20 m at
(a) 0.25 m/s, (b) 1 m/s, (c) 4 m/s and (d) 8 m/s. Images were taken at (a) 20kX, (b) 35kX, (c)
25kX and (d) 25kX.
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Figure 5-46 shows the wear lands for each profile shown in Figure 5-44 and Figure 5-45. The
angle of the wear land with respect to the cutting direction is consistently within the range
previously discussed. The 0.25 m/s experiments had the largest worn cross sections for both
materials. The 1 m/s experiment produced had the smallest cross section when machining
1215 steel and the 4 m/s had the smallest cross section when machining 1045 steel. In Figure
5-46, the worn cross sections created by machining 1045 steel were larger than the worn
cross sections created by machining 1215 steel. Maximum flank wear extended up to 7 µm
away from the cutting edge with only a 1.5 µm recession of the cutting edge for the 1045
steel profiles. The profiles produced from 1215 steel show a maximum flank wear of 3.5 µm
away from the cutting edge with less than a µm of recession for the cutting edge.
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Figure 5-46. Wear lands of after machining 1045 and 1215 steel after 20m. Each profile is
from Figure 5-44 and Figure 5-45 images.
Figure 5-47 and Figure 5-48 shows the accelerated wear regions occurring at the edge of
contact during the same experiments as those shown in Figure 5-44 and Figure 5-45. Each
image is the larger of the two wear regions located at the end of contact for that particular
experiment. The magnification and scale bar of each image is located at the bottom.
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Figure 5-47. Profiles of the groove wear occurring due to machining 1045 steel for 20 m at
(a) 0.25, (b) 1 (c) 4 and (d) 8 m/s. Images were taken at (a) 8kX, (b) 8kX, (c) 20kX and (d)
12kX.
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Figure 5-48. Profiles of groove wear occurring due to machining 1215 steel for 20 m at (a)
0.25, (b) 1 (c) 4 and (d) 8 m/s. Images were taken at (a) 10kX, (b) 12kX, (c) 12kX and (d)
15kX.
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Figure 5-49 shows the worn profiles of Figure 5-47 and Figure 5-48. Angle of the wear land
with respect to the cutting motion was similar as in previous profiles. These profiles were
much larger than those taken towards the center of the wear land as shown in Figure 5-46.
Flank wear extended as far as 16 µm from the cutting edge with an edge recession of 3 µm
when machining 1045 steel. Flank wear extended as far as 14 µm from the cutting edge with
a cutting edge recession of 2 µm when machining 1215 steel. The two highest cutting speeds
produced the largest grooves when machining 1215 steel, but contrastingly, the two slowest
cutting speeds caused the largest profiles when machining 1045 steel.
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Figure 5-49. Profiles of the largest groove wear created after machining 1045 and 1215 steel
for 20 m at varying cutting speeds.
Figure 5-50 shows the volumetric distance wear rate as a function of cutting speed for both
materials. These values were calculated by dividing the volumetric wear by the cutting
distance for each experiment. 1215 steel produced a minimum at 1 m/s. This is equivalent to
the results found in Hesler and Lane’s work [7,8,13-15]. 1045 steel produced a minimum at
the highest cutting speed of 8 m/s. Both sets of data were fitted with a polynomial equation to
provide the overall trend. The legend depicts each materials line of best fit as “LOBF.” The
1215 steel experiments produced a high correlation of determination while the 1045 steel
experiments did not have a high correlation.
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Figure 5-50. Volumetric distance wear rate as a function of cutting speed for both 1215 and
1045 steel.
Figure 5-51 shows the volumetric time wear rate as a function of cutting speed for both
materials. These values were calculated by dividing the volumetric wear by the amount of
time each experiment occurred. The minimum volumetric wear rate was observed at 0.25 m/s
cutting speed when machining both materials. In comparison, machining 1045 steel had less
sensitivity to cutting speed. Exponential trends were the fitted for both materials. The legend
depicts each materials line of best fit as “LOBF.” The 1215 steel produced a high correlation
of determination, while the 1045 steel did not exhibit a strong correlation.
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Figure 5-51. Volumetric time wear rate as a function of cutting speed for both 1215 and 1045
steel.
5.5.1 CUTTING SPEED AND TEMPERATURE DEPENDENCY OF TOOL WEAR
The theories of a thermo-chemical mechanism as the cause of accelerated tool wear when
diamond turning a ferrous material was discussed in Section 1.4. Paul et al. reviewed a
number of possible chemical mechanisms including diffusion, graphitization, and oxidation
[7]. Chemical reactions require energy, so the temperature and wear rate relationship may be
used for predict the tool wear. The Arrhenius equation was used to model the temperature
dependency of the diamond tool wear rate when turning at varying cutting speed by Hesler
and Lane [7,8,13-15]. Lane provided an extensive review of a number of variations of the
Arrhenius equation, but the two forms that will be used here are in Equation (5.4). The
cutting speed variable relates the wear with respect to distance (

dV
dV
) and time (
).
ds
dt

 Ea
dV Do RTEa
dV

e 
 Doe RT
ds vc
dt

(5.4)
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Combining the volumetric wear rate with respect to a unit time and the peak temperature
predictions of Section 5.2, an Arrhenius model for either model can be advanced. The preexponential constant and activation energy are determined by plotting the natural log of the
time wear rate with respect to the inverse of the predicted peak temperature. The relationship
is shown in Equation (5.5), where the slope of the line becomes the ratio of the activation
energy and universal gas constant and the y-intercept is the natural log of the pre-exponential
constant.
ln(

E
dV
)   a  ln( Do )
dt
RT

(5.5)

Figure 5-52 shows the experimental data for both steel alloys in the form of Equation (5.5).
1215 steel produced a high correlation of determination of 0.9426, while 1045 steel had a
wider variance and a correlation of determination of 0.7937.
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Figure 5-52. Arrhenius plot of worn volume rate vs. peak temperature predictions.
Solving for the pre-exponential constant and activation energy provides the Arrhenius model
for each material. Equation (5.6) gives both relationships. The activation energy for the 1215
steel experiments was similar to those found by Hesler and Lane [15].
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Inserting the relationship for peak temperature rise (in Kelvin units) and cutting speed of
Equation (5.2) into Equation (5.6) produces the wear rate as a function of cutting speed as
seen in Equation (5.7).
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Figure 5-53 shows the experimental wear rates with respect to cutting speed and the
temperature model applied to both materials. The minimum for both materials is 0.25 m/s. As
the cutting speed increases the wear rate with respect to time also increases.
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Figure 5-53. Experimental wear rates per time and the temperature model produced through
the Arrhenius equation.

172

Transforming the wear rate with respect to a unit of time to a unit of distance is done by
using the cutting speed as shown in Equation (5.4). Equation (5.8) shows the relationship
between wear rate with respect to a unit of distance and cutting speed for both materials.
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Figure 5-54 shows the temperature model and experimental results for both materials with
the wear rates with respect to a unit of distance as a function of cutting speed.
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Figure 5-54. Experimental wear rates per distance and the temperature model produced
through the Arrhenius equation.
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The minimum wear rate with respect to unit of distance for 1215 steel is at 1 m/s; similar to
the results found by Lane and Hesler [8,13-15]. The least-squares line fit from Figure 5-52
produced a high correlation with the Arrhenius equation. Because of this high correlation the
experimental wear rates and the temperature model matched for the minimum at the same
cutting speed. Prior to this cutting speed, the extended time for reactions to occur produces a
higher wear rate despite lower temperatures. Beginning from the 1 m/s cutting speed, a
higher wear rate occurred with increasing cutting speed due to the higher generated
temperatures.
The least-squares line fit from Figure 5-52 produced a much lower correlation with the
Arrhenius equation for 1045 steel. The temperature model predicts a minimum wear rate at
the 4 m/s cutting speed, while experimental results produced an actual minimum at 8 m/s.
Despite the difference though, the temperature model and experimental results produced a
largely independent wear rate with per unit of distance with respect to the cutting speed and
subsequent tool temperature.
Two factors may be responsible for the independent nature of the wear rate with respect to
the cutting speed in the 1045 steel experiments:


Higher composition of carbon (with respect to 1215 steel 4x higher) of the workpiece
saturates the ability of the iron to react with the carbon in the tool. Required energy
is no longer the limiting factor, but the iron atoms are.



Additional BUE across all cutting speeds (with respect to 1215 steel) acts as a more
effective protective layer (discussed in Section 5.3)
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1215 steel experiments produced a minimum wear rate at the 1 m/s cutting speed, while the
1045 steel experiments produced a largely independent wear rate with respect to cutting
speed. Future modifications to the DT process to be able to effectively machine 1215 steel
should include machining near the 1 m/s minimum. In comparison, tool wear when
machining 1045 steel shows little dependency on cutting speed. This provides DT 1045 steel
an advantage over 1215 steel as the machining costs can be reduced by reduction in
machining time without additional tool wear. Despite this though, modifications are still
necessary for DT process in machining 1045 steel as with 1215 steel. Modifications to
suppress diamond tool wear when machining ferrous materials was discussed in Section
1.4.3.

5.6 THIRDWAVE’S ADVANTEDGE MODELING
ThirdWave’s AdvantEdge modeling was used for comparison with experimental results. Due
to the varying chip thickness, experiments with round nose tools were required to be modeled
in three dimensions. The 3D standard grooving option was selected as the mode for these
simulations. Similar to the simulations in Chapter 3, 1118 steel was used as a substitute for
1215 steel. 1045 steel was present in the AdvantEdge library and did not require a substitute.
Appendix 9.4 provides the simulations parameters.
Cutting speeds of 1, 4 and 8 m/s were simulated for a cutting distance of at least 60 µm on
both materials. Simulations with a cutting speed of 0.25 m/s were not done due to the
extensive computation time needed (~ 32 days). Computation time varied largely because of
the constant time step within all simulations and the variation of cutting speed. To cover a
certain distance, slower cutting speeds require more time steps in comparison to higher
cutting speeds and thus the computation time increases. As an example, the 8 m/s cutting
speed simulations take approximately a day to cover 100 µm of cutting distance while the 1
m/s cutting speed simulations take approximately 8 days to cover 100 µm of cutting distance.
Because of this the lower cutting speed simulations had shorter cutting distances to reduce
computation time. However, steady state forces and complete chip formation were ensured
for every simulation.
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The tool was modeled using the custom tool import option. The 0.5 mm radius was set, but
limitations in the minimum element size required the cutting edge to be 1 µm. This is 20x
greater than the actual cutting edge radius of the tool, but this was still 10x less than the DoC.
The element size used on the tool was refined near the cutting edge to increase the accuracy
of the results. Figure 5-55 is an overview of the tool, workpiece and chip after simulating a
cutting speed of 8 m/s for 150 µm. The workpiece moves while the tool is held stationary.

Figure 5-55. Overview of the AdvantEdge simulation of machining 1118 steel at 8 m/s.
Figure 5-56 shows snapshots of the tool, workpiece and chip in the same simulation of
machining 1118 steel at 8 m/s. The groove is shallow as expected with an approximately 200
µm width and only a 10 µm depth.
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Figure 5-56. Snapshots of the tool, workpiece and chip are simulating machining 1118 steel
at 8 m/s.

177

5.6.1 FORCE RESULTS
The coefficient of friction was set to 0.4 for all simulations based on the analysis in Section
3.5. Although the chip area can be set exactly for the AdvantEdge simulations by controlling
the DoC, touch-off error, BUE and tool wear affect the size of the uncut chip in the
experiments. To account for this, the normalized average forces with respect to the uncut
chip area are compared rather than just the average forces. Normalized average forces for the
AdvantEdge simulations were taken from the middle 50% of the data set; similar to how the
experimental averages were taken. AdvantEdge Simulations had an uncut chip area of 1329
µm2 based on the 500 µm nose radius of the tool and a 10 µm DoC. The experimental results
of Figure 5-4 were averaged at each cutting speed on each material to provide one average
value.
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Figure 5-57. Comparison of the experimental and AdvantEdge normalized forces for
1215/118 steel.
Figure 5-57 provides a comparison of the normalized force results for the 1118 steel
AdvantEdge simulations and 1215 steel experiments. Percentage differences of the
normalized cut forces varied at 16%, 10% and 2.0% at the cutting speeds of 1, 4 and 8 m/s,
respectively. Percent differences of the normalized thrust forces varied at 83%, 66% and
105% at the cutting speed of 1, 4 and 8 m/s, respectively.
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AdvantEdge forces had an increasing trend with cutting speed when machining the 1118
steel. This is a similar trend to the experimental normalized thrust results. However, the
AdvantEdge trend is not as steep and the predicted values were almost half the magnitude of
the experimental results. Experimental normalized cutting forces showed independence with
respect to cutting speed, while AdvantEdge results showed an increasing trend with cutting
speed. Although the trends differed, the normalized cutting force results were much more
comparable than the normalized thrust force results. Any differences in forces and trends are
likely due to the difference in workpiece material and the effect of BUE that is not modeled
in AdvantEdge.
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Figure 5-58. Comparison of the experimental and AdvantEdge normalized forces for 1045
steel.
Figure 5-58 provides a comparison of the normalized force results for the 1045 steel
AdvantEdge simulations and experiments. Percentage difference of the normalized cut forces
varied at 27%, 20% and 1.6% at the cutting speeds of 1, 4 and 8 m/s, respectively. Percentage
difference of the normalized thrust forces varied at 17%, 49% and 81% at the cutting speed
of 1, 4 and 8 m/s, respectively.
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AdvantEdge forces had a decreasing trend with cutting speed when machining the 1045 steel
workpiece. This was contrasting to the experimental normalized cutting and thrust force. The
opposite trend in forces may be explained by AdvantEdge’s inability to account for BUE.
BUE’s relationship with cutting speed would potentially further reduce the normalized forces
at low cutting speeds by changing the effective rake angle. This may create an increasing
trend with cutting speed because this change in rake angle would not occur at the higher
cutting speeds.
5.6.2 FACTORS AFFFECTING YIELD STRENGTH
ThirdWave’s AdvantEdge utilizes a constitutive model to determine the yield strength of the
material. This affects the change in forces as machining parameters vary on one workpiece
material. Three factors are combined to influence the yield strength: strain hardening, strain
rate sensitivity and thermal softening. Equation (5.9) shows the relationship between the
yield strength, strain, strain rate and temperature.

 y  g ( ) ( ) (T )

(5.9)

Temperature affects the yield strength by causing thermal softening to occur in the material.
This reduces the yield strength. Strain and strain rate increases the yield strength through
strain hardening and strain rate sensitivity. To examine these three factors in the cutting
process, a slice can be extracted at the interface of the cutting process. Figure 5-59 provides
the location of the slice with respect to the tool, workpiece and chip.
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Figure 5-59. Slice taken to examine the strain rate, plastic strain and temperature at the
cutting interface.
Figure 5-60 provided the strain rates at the cutting interface for simulations of a 1, 4 and 8
m/s cutting speed. These were taken from the 1118 simulations; however the 1045
simulations showed similar results. Using the slice function, strain rates are observed to be
much higher for the 8 m/s cutting speed, followed by the 4 and the 1 m/s, respectively. This
is expected due to the higher cutting speed causing the tool to shear the material at a higher
rate. With the shearing action, strain will take place and the rate will depend on how fast the
material is sheared. A material that is strain rate sensitive would obtain higher yield strengths
as it plastically deforms at higher and higher rates. If this was the only factor affecting the
workpiece’s yield strength, then the 8 m/s simulation would have the highest cutting forces
due the strain rate sensitivity’s effect on yield strength.
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Figure 5-60. Strain rate observed at the cutting interface when machining 1118 steel at (a) 1
m/s, (b) 4 m/s and (c) 8 m/s.
Figure 5-61 shows the predicted cutting interface temperatures when machining 1118 steel at
1, 4 and 8 m/s. Based on the power generation being a function of cutting force and speed,
temperature predictions followed the expected trend. The 8 m/s cutting speed simulation
predicted the highest interface temperatures followed by the 4 and 1 m/s cutting speed
simulations, respectively. A similar trend was also observed in the 1045 steel simulations.
Temperature works to weaken the material through thermal softening. This means if
temperature was the only factor affecting the yield strength, then the 1 m/s simulation would
have the highest cutting forces due to comparatively minimal thermal softening effects on its
yield strength.
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Figure 5-61. Temperatures at the cutting interface when machining 1118 steel at (a) 1 m/s,
(b) 4 m/s and (c) 8 m/s.
Figure 5-61 shows the predicted plastic strain at the cutting interface when machining 1118
steel at 1, 4 and 8 m/s. Results were observed to be similar for all cutting speed. This would
mean the effect of plastic strain on the yield strength of the material would be consistent
across all cutting speeds. Similar results were found for the 1045 steel simulations. With this
prediction, the main two factors affecting yield strength are temperature and strain rate.
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Figure 5-62. Plastic strain at the cutting interface when machining 1118 steel at (a) 1 m/s, (b)
4 m/s and (c) 8 m/s.
Comparison of simulations at varying cutting speeds show temperature and strain rate to vary
while plastic strain is relatively consistent. This shows the change in a material’s yield
strength as the cutting speed increases will depend on its sensitivity to temperature and strain
rate. Although this review provides insight into which factors contribute to changing the
yield strength and effecting forces, the exact relationships for each material are proprietary
information of ThirdWave. However, if cutting speed is the only variable machining
parameter then the force trends provides insight into which factor is dominating the change in
yield strength. Simulations of machining materials that result in forces decreasing as the
cutting speed increases most likely show thermal softening to be the dominating factor. An
increasing force trend with increasing cutting speed most likely shows the strain rate
sensitivity to be the dominating factor.
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Observation of the force trends for the 1118 steel simulations show strain rate sensitivity to
be the dominating factor rather than thermal softening. Contrastingly, the 1045 steel
simulations showed thermal softening to be the dominating factor rather than strain rate
sensitivity.

Comparative to the experimental results, AdvantEdge provided contrasting

normalized cutting and thrust force trends for machining 1045 steel. Comparison of the
1118/1215 steel experimental and model results show agreement in the normalized thrust
force trend. However, cutting forces were shown to be relatively independent in the
experimental results, while AdvantEdge showed an increase in cutting forces with cutting
speed. The differences may be explained by the AdvantEdge model lacking the ability to
account for a BUE. Because of this, it is difficult to compare the models to the experimental
results.

5.7 CONCLUSIONS
1215 and 1045 steel were machined with 0.5 mm radius diamond tools with nonoverlapping
grooves. Cuttings speed was varied from 0.25 to 8 m/s while cutting distance was varied
between 10 and 20 m. Due to the range of cutting speeds, experiments lasted from 1.25 to 80
seconds. MobilMet Omicron cutting oil was applied for all experiments. Forces and
temperatures were recorded during experiments, while tool wear, BUE and grooves formed
on the workpiece were examined afterwards.
5.7.1 FORCES
Average cutting and thrust forces while machining 1215 steel ranged from 4 to 7 N and 2 to 5
N, respectively. Average cutting and thrust forces while machining 1045 steel ranged from 5
to 8 N and 2 to 5 N, respectively. In comparison, average cutting forces for 1045 steel
experiments were between 10-30% higher than 1215 steel experiments. Machining both
materials produced similar average thrust forces.

185

Normalization of the forces can be thought of as a measurement of the efficiency of the
cutting process because it defines the force required to remove one cross sectional unit area.
This takes out any variation in chip size due to BUE, tool wear or touch-off error. After
normalization of the average forces with respect to the average groove area, both materials
showed similar cutting force averages despite 1045 steel being 28% harder on the Vickers
scale. This discrepancy between the normalized cutting forces when machining both
materials and the hardness of the materials is believed to be caused by BUE. Section 5.3’s
analysis of the grooves from experiments showed a larger presence of BUE when machining
1045 steel. Previous research sighted BUE can be responsible for a reduction in cutting
forces by changing the effective rake angle of the tool [19,53].
The effect of cutting speed on normalized forces was noticeable as well. When machining
both materials, the normalized thrust forces increased as the cutting speed increased. This
effect was also noticeable on the normalized cutting forces when machining 1045 steel.
However, experiments with 1215 steel showed a more independent nature of the normalized
cutting forces with respect to cutting speed. The effect of BUE may explain the trends seen in
three out of the four normalized forces. Section 5.3 showed a general reduction in BUE as the
cutting speed increased. This would mean a change in the effective rake angle of the tool at
lower cutting speeds and produce a more efficient cutting process there compared to the
higher cutting speeds.
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ThirdWave’s AdvantEdge provided limited success in modeling the force results.
Normalized forces for both materials often varied from the experimental results by at least
25%. Strain rate sensitivity and thermal softening were determined to be the main two factors
affecting the yield strength of the material. If the yield strength change is dominated by
strain rate sensitivity then the yield strength is expected to increase with the cutting speed. If
thermal softening is the dominant factor, then the yield strength is expected to decrease with
the cutting speed. Comparison of the experimental and model normalized cutting forces
produced contrasting trends for the 1045 steel. Comparison of the 1215 steel experimental
results to the 1118 steel model results showed similar increasing trends for the normalized
thrust force, while the normalized cutting force was different. The difference of workpieces
may affect the results in the 1118 and 1215 steel model results. However across all materials
and machining parameters, the AdvantEdge model is missing the presence of the BUE.
Experimental results showed a large presence of the BUE. This factor changes the cutting
process by effectively separating the tool from the workpiece and this may explain why there
is limited success in the AdvantEdge modeling.
5.7.2 BUILT UP EDGE
During DT of ferrous materials, tool wear and BUE combine to change the cutting edge of
the tool. This reduces the ability to create a quality surface finish on a component. Grooves
machined on the workpiece were examined to analyze the effect of BUE and tool wear on the
workpiece. Cross sectional area of the grooves were consistently larger than what the
machining parameters theoretically produced. This indicates BUE is the dominant factor
affecting surface finish rather than tool wear for these nonoverlapping experiments. A
MatLab program was used to analyze the differential area between the experimental groove
and a theoretical groove. This produced the largest differential area between the theoretical
and experimental grooves at 1 m/s for both materials. As the cutting speed increases, the
differential area reduced and indicated the tool had less of a BUE. Thermal weakening of the
adhered material due to the cutting speed increase causes a reduction in the ability to form
and maintain a BUE. This indicates cutting speed could be used to reduce the effects of a
BUE during machining of ferrous materials.
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1045 steel experiments produced larger differential areas than 1215 steel experiments for all
cutting speeds. This indicates the BUE adhering to the tool is larger when machining 1045
steel compared to 1215 steel. Previous research discussed in Section 1.3 indicated strain
hardening, temperature and adhesion properties between the tool and workpiece as the three
dominating factors for the formation of BUE [19,28,30,34]. Comparison of the forces and
extrapolated peak tool temperatures indicate similar temperatures during the cutting process
for both materials. This shows temperature may not be the reason for the difference of the
BUE size when machining 1215 and 1045 steel at the same cutting speed. A potential reason
may be additional strain hardening occurring with the 1045 steel. Strain hardening would
increase the strength of the BUE and allow it to grow larger and still be stable. In Section 2.2,
comparisons of the stress-strain curves for both materials showed 1045 steel to strain harden
more. Despite these strain rates being much lower than those in a cutting process, this
provides support of strain hardening potentially being responsible for the difference in the
size of the BUE. However, confirmation of strain hardening as the responsible factor would
require an investigation of the adhesion properties between the diamond and either steel alloy
as well. Stress-strain analysis of the metals at strain rates similar to those seen in the cutting
process would also provide additional support. Regardless of the cause of the variation in the
BUE size, machining with 1215 steel produces less of a BUE and makes the machining of a
specular surface more likely.
Observations of the BUE on the diamond tool showed evidence of the primary location on
the rake face and up to the cutting edge. Combined with wear occurring on the flank face,
these two factors meet at the cutting edge to change the cutting process. However, crosssectional profiles of the BUE were much larger than those of the worn tool. This indicates
BUE is the dominating factor, rather than tool wear, in the inability to create a good surface
finish.
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Size of the BUE varied along the contact length between the tool and workpiece. SEM
observations indicate a correlation with the thickness of the chip. Additionally, accelerated
wear at the edges of contact coincided with minimal BUE. This provides evidence that BUE
may play a role in protecting the cutting edge of the tool from wearing. A protective layer
would separate the diamond tool from the cutting process and the flow of the material.
Similar reasoning was provided to explain the mitigation of tool wear as the uncut chip area
increased in Chapter 3 experiments.
5.7.3 TOOL WEAR
The accelerated wearing of a diamond tool when machining ferrous materials is believed to
be due to thermochemical wearing mechanisms. Measurements of the volumetric tool wear
produced from each experiment were done using the SEM-EBID technique. Combination of
the wear occurring from variation in cutting speed and peak temperature extrapolations
resulted in a model for tool wear volume per unit of time based on temperature.
Graphitization and diffusion testing of a diamond’s carbon without ferrous materials have
activation energies of at least 700 kJ/mol [7]. In comparison, these models show the presence
of 1215 and 1045 steel reduce the estimated activation energy to 34 and 25 kJ/mol,
respectively. These models are provided below:
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By combining the temperature and cutting speed relationship, cutting speed and wear rate per
unit of distance was defined. These models present the most effective cutting speed in
reducing tool wear. Minimizing tool wear reduces the cost of machining and increases the
possibility in producing a specular surface. The relationships are provided below:
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The wear rate per unit of distance produced a minimum at 1 m/s for the 1215 steel
experiments. This agreed with previous work at the PEC by Hesler and Lane [8,13-15]. At
low cutting speeds, chemical reactions are believed to have an extended time to occur to
make up for the lack of temperature. At higher cutting speeds the reaction rate is increased
due to temperature increase. The net effect produces a minimum at the 1 m/s mark.
1045 steel experiments produced a largely independent wear rate per distance as the cutting
speed varied, despite temperature changes. There are two possible reasons for this
independence: higher carbon composition of the workpiece or the additional BUE acting as a
protective layer. Higher composition of carbon in the workpiece may lead to a reduction in
the number of iron atoms available to react with the tool’s carbon. Additional BUE in
comparison to the 1215 steel may provide a more effective layer to protect the tool from the
material flow. This would reduce wear rate by separating the tool from the cutting process
and subsequently any interaction with the flowing iron atoms in the workpiece.
5.7.4 FURTHER EXPERIMENTS
The combination of tool wear and BUE presents issues in diamond turning ferrous materials.
As the cutting speed increases, an increasing tool wear rate was found for 1215 steel, while
1045 steel varied little. On the other hand, the cutting speed was found to reduce BUE for
both materials based on the analysis of grooves left on the workpiece surface. Consistently
larger experimental grooves compared to the theoretical grooves provide evidence that the
BUE is the dominating factor in machining ferrous materials. Chapter 6 compares surface
finishes produced from varying cutting speeds with overlapping feedrates. Optimization of
the surface finish produced by varying the cutting speed will provide further evidence as to
the dominating factor in machining ferrous materials.
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6. STEEL SURFACE FINISH EXPERIMENTS
AISI 1215 and Al-6061 were diamond turned with an overlapping feedrate at a 10 µm DoC.
1215 steel, rather than 1045 steel, was chosen due to a smaller BUE occurring in the Chapter
5 experiments. The radii of the diamond tools were approximately 0.5 mm. A theoretical
peak to valley surface finish of 0.2 µm was designated for all experiments. The experimental
setup is described in Section 2.1. The uncut chip area is shown in Figure 1-2 with the cross
sectional area as a function of the feedrate, tool radius and DoC as given by Equation (1.3).
Properties of the two materials are discussed in Section 2.2.
Force measurements were taken during each experiment while surface finish was measured
after. Surface finish was investigated to determine the effects of tool wear and BUE on the
machining of a potentially specular surface. These experiments build on the previous
experiments in Chapters 4 and 5 by investigating the effects of cutting speed on surface
finish.
Four experiments were conducted: three with 1215 steel, and one with Al-6061. The Al-6061
experiment was conducted to investigate the surface finish of a material that produces
minimal tool wear and BUE. Cutting speed was varied from 1 to 6 m/s for the steel
experiments. The Al-6061 experiment was conducted at 4 m/s. Cutting distance was kept
constant at 100 m, and the cut began at a workpiece radius of 50 mm as discussed in Section
2.2. Feedrate depended on the exact nose radius of the tool and specified cutting speed.
MobilMet Omicron cutting oil was applied during each experiment.
For a 0.5 mm radius tool, a 10 µm Doc an overlapping feed for a 0.2 µm theoretical peak to
valley finish produces an uncut chip with a cross sectional area of 439 µm2. The exact uncut
chip area varies across experiment due to potential touch-off error, radius of tool and exact
feedrate. A program of 1 µm steps was used during touch-off to reduce this potential error to
less than 10% of the DoC.
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6.1 FORCE MEASUREMENTS
Figure 5-38 shows the cutting and thrust forces as a function of time during the 1, 4 and 6
m/s experiments on 1215 steel. A smoothing filter was applied to the data set with a window
size of 0.1% of the number of total data points taken. Smoothing was done by a percentage of
data points rather than a set number due to large variation in time of the experiments. Notice
the x-axis is scaled differently for each data set.
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Figure 6-1. Cutting and thrust forces for machining 1215 at 1 m/s, 4 m/s, 6 m/s for 100 m.
Average forces were calculated based on the middle 50% of each data set. Figure 6-2
provides the averages for each cutting speed. Cutting and thrust forces trended upward as the
cutting speed increased for the 1215 steel experiments.
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Figure 6-2. Average forces for 1215 steel across all cutting speeds.
Due to the range of nose radius of the tools (460 µm to 540 µm) used during the experiments
the forces were normalized with respect to the theoretical uncut chip area that is dependent
upon tool geometry. The results in Figure 6-3 provide a similar trend between cutting speed
and forces as seen in Figure 6-2. Similar results were found in the experimental thrust forces
and ThirdWave AdvantEdge modeling of Chapter 5.
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Figure 6-3. Normalized force with respect to uncut chip area while machining 1215 steel.
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Unlike the groove experiments of Chapter 5, the forces could not be normalized with respect
to the actual uncut chip area by analyzing the impression left on the workpiece. This is
because each successive groove in these experiments overlaps the prior groove and erases the
majority of the impression left on the workpiece by the tool. Touch-off error could also not
be removed as in discussed in Chapter 2 because there was no initial feed down to the full
DoC to provide a reference from the top surface. These experiments came into contact with
the workpiece already at the specified DoC as shown in Figure 2-8. However, this value is
based on the touch-off performed before the experiment. This means touch-off error is at a
maximum of 10% after using the 1 µm step program. Regardless, normalization with respect
to the theoretical uncut chip area does remove variation in chip size due to the nose radius of
the tool. Although it is still important to note BUE, tool wear and touch-off error effects are
not considered.

6.2 SURFACE FINISH MEASUREMENTS
Surface finish measurements were conducted as discussed in Section 2.6. Each experiment
had 2 sets of measurements using the Zygo setup with a 10x lens and a 0.8 zoom. Each
measurement representing the same cutting distance increment was averaged together.
An initial comparison of the surface finish created on a Al-6061 and 1215 steel workpiece
was conducted. A cutting speed of 4 m/s was chosen for the comparison. Figure 6-4 shows
the RMS roughness results. As expected, the diamond turned Al-6061 workpiece had a better
surface finish in comparison to the 1215 steel. The theoretical RMS roughness was 0.06 µm.
This is also in the Figure 6-4 for comparison. The cutting distance increment of each
measurement is denoted by the horizontal bars of each value.
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Figure 6-4. RMS roughness produced on 1215 steel and Al-6061 at 4 m/s.
Compared to the 1215 steel experiment, the Al-6061 experiment had better results during the
entire 100 m cutting distance. This agrees with the comparative results of Chapters 4 and 5
showing minimal BUE to form when machining Al-6061 in comparison to machining 1215
steel. Results from this “diamond turnable” material are above the theoretical roughness and
this is likely due to inadequate chip collection, machining vibrations and the minimum chip
thickness that can be cut. Despite this, the comparative results from these experiments are
still valid due to the consistent setup.
The effects of a BUE and tool wear, as discussed in Chapter 5, are noticeable on the 1215
steel experiment results. The 1215 steel experiment produced an initial RMS roughness of
0.25 µm compared to 0.15 µm for the Al-6061 experiment. At the end of the experiment, a
large deterioration in surface finish had occurred for the 1215 steel. The final measurement
produced an RMS roughness value of 0.60 µm. This was over twice the initial RMS
roughness of the 1215 steel surface and four times the roughness of the consistent Al-6061
surface. The substantial deterioration of the 1215 steel surface finish indicates the effects of
tool wear and potentially additional BUE as cutting progressed.
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Figure 6-5 shows an example of the surfaces measured from each 1215 steel experiment.
Scratches in the upfeed direction are noticeable.

Figure 6-5. Example of the surfaces measured from DT 1215 steel at (a) 1, (b) 4 and (c) 6
m/s.
Figure 6-6 displays the RMS roughness of each 1215 steel experiment as a function of
cutting distance. The theoretical RMS roughness is also present for comparison. All three
experiments had initial values at least three times the theoretical RMS roughness. Because
the diamond tool has an initially sharp cutting edge, the initially high RMS roughness value
is due to the BUE forming on the tool. Deterioration in the surface finish as cutting
progressed was also noticeable at all three cutting speeds due to progression of tool wear and
potentially additional BUE. The 1 m/s experiment had consistently higher RMS roughness
values followed by the 4 and 6 m/s experiments, respectively. This correlates to the trend
found in Chapter 5 between cutting speed and the presence of BUE rather than between tool
wear and the presence of BUE.
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Figure 6-6. The measured RMS roughness of machining 1215 steel at 1, 4 and 6 m/s.
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6.3 CONCLUSIONS
AISI 1215 steel and Al-6061 were diamond turned with an overlapping feedrate at a 10 µm
DoC. MobilMet Omicron cutting oil was used during experiments and the cutting distance
was kept constant at 100 m for each experiment. 1215 steel was turned at 1, 4 and 6 m/s
while Al-6061 was turned at 4 m/s for comparison. Force measurements were taken during
experiments while surface finish measurements occurred at the end.
6.3.1 FORCES
Average cutting forces while machining 1215 steel were between 1 and 1.5 N and average
thrust forces were between 0.75 and 1.25 N. Forces increased as cutting speed increased.
This result was similar to those of Chapter 5’s experimental thrust forces when machining
1215 steel and the ThirdWave AdvantEdge modeling.
6.3.2 SURFACE FINISH
In comparison to the Al-6061 experiment, machining 1215 steel produced much higher RMS
roughness values throughout the 100 m cutting distance when machining at 4 m/s. RMS
roughness values were initially (0.25µm) about twice as high while final measurements
(0.60µm) were over three times as high as the consistent RMS roughness value of the Al-

6061 workpiece (.15µm) . The rapid deterioration of the surface finish on the 1215 steel
workpiece shows the effects of tool wear and potentially additional BUE as cutting
progresses.
Comparing the effect of cutting speed on surface finish when machining 1215 steel showed
the 6 m/s experiment producing the best surface finish overall. This was followed by the 4
and 1 m/s experiments, respectively. Despite this, all three cutting speeds produced RMS
roughness values at least three times as high as the theoretical. All three experiments also
showed a rapid deterioration of the surface finish as cutting progressed. The effect of cutting
speed on the surface finish shows BUE is the dominating factor in producing a specular
surface rather than tool wear.
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7. CONCLUSIONS
As applications in the diamond turning industry expand, the need for more wear resistant
materials, such as steel, increases. The prospect of feasibly diamond turning steel is hindered
by two complexities in machining: BUE and tool wear. This thesis provides a quantitative
investigation of tool wear and BUE and the factors contributing to each. AISI 1045 and 1215
steel were chosen to compare the material properties that are believed to contribute to tool
wear and BUE. Previous work concluded the carbon composition of a ferrous material affects
the tool wear rate due to limiting the available iron atoms available to react with the tool’s
carbon structure [42]. The percent of carbon in 1045 is four times that of 1215 steel and thus
may affect the tool wear rate. Previous research indicated strain hardening, temperature and
adhesion properties between the tool and workpiece were the three dominating factors for the
formation of BUE [19,28,30,34]. 1045 steel is strain hardens more than 1215 steel and thus
the formation of BUE may occur more.
Tool wear and BUE were measured using a previously developed SEM-EBID technique at
the PEC [52]. Tool forces were measured using a three-axis load cell. RTDs were used to
measured tool surface temperatures away from the tip of the tool. These RTD measurements
were combined with a SolidWorks FE model to extrapolate peak tool temperatures. Surface
finish of the workpieces was measured using a Taylor Hobson TalySurf Series 2, two optical
probes and a Zygo NewView 5000 Scanning White Light Interferometer.

7.1 UNIFORM CHIP THICKNESS EXPERIMENTS
1215 steel experiments conducted in Chapter 3 consisted of straight nose diamond tools with
varying depths of cut (chip thickness) from 2 to 10 µm. Chip width varied between 1.2 mm
and 0.94 mm. The cutting speed was held at 2 m/s while cutting distance varied between 10,
20 and 30 m. Average cutting forces were 8.1, 13.6 and 22.9 N and average thrust forces
were 5.1, 7.4 and 12.8 N as the DoC varied at 2, 5 and 10 µm.
ThirdWave’s AdvantEdge was used to compare the force results with finite element
predictions. The absence of 1215 steel in the AdvantEdge library required the selection of
1118 steel based on a comparison of hardness, yield strength and thermal conductivity. A
friction factor of 0.4 was utilized to produce the most comparable results with the
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experimental data. However cutting force predictions were still higher than the experimental
results by 5.4%, 21% and 36% as the DoC increased. Thrust forces differed from
experimental results by 34% lower, 6.3% higher and 7.2% higher as the DoC increased. With
the addition of the BUE profile to the AdvantEdge tool, force results were much closer to the
experimental measurements. This provides evidence the difference is likely due to the lack of
the presence of BUE in the AdvantEdge model. Differences in the workpiece material
between the experiments and AdvantEdge models may also account for the force
discrepancy.
Using the interpolated RTD measurements, predicted peak tool temperatures ranged from
60°C to 170°C. The relationship between the uncut chip size and predicted peak temperature
was determined to be linear. Although it was determined AdvantEdge cannot be used to
predict peak tool temperatures in a manageable computation time, a heat partitioning of the
models was conducted to investigate percentage of heat flowing into the tool. As the DoC
increased the percentage of heat flow into the tool was reduced from 67% to 57%. The
reduction of heat input to the tool was balanced by an increase in the heat flow to the chip
from 4% to 14%. The workpiece consistently accounted for 29% of the heat at all DoC.
After machining 1215 steel, the tools’ wear lands were measured. Wear rates were defined as
volumetric wear with respect to a unit of time. Based on the results of past work, the wear
rate was expected to increase with the predicted temperatures [8,15]. However, despite the
predicted increase in peak tool temperature with the uncut chip size, the wear rate did not
increase. Measurements of the wear land produced wear rates for the 2 µm DoC to vary
between 3 µm3/s and 16 µm3/s. 5 µm DoC experiments produced wear rates between 1 µm3/s
and 6 µm3/s while the 10 µm DoC produced wear rates between 0.4 µm3/s and 9 µm3/s. The
wear land formed at a 20° angle with respect to the cutting direction. This angle agreed with
the previous work conducted at the PEC [8,15].
BUE was believed to mitigate the tool wear as the uncut chip size increased (and subsequent
tool temperature). Observation of the BUE on the tool after each experiment led to the
conclusion of a relationship between BUE and chip size. As the BUE increases with chip
size, it’s potential to protect the cutting edge from the flow of material does as well. This
means the chemical wearing mechanisms may be accurately modeled using the Arrhenius
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equation but the variation in chip size and subsequent BUE adds an additional factor not
accurately described by the Arrhenius equation.

7.2 VARYING CHIP THICKNESS EXPERIMENTS
For further investigation into the presence and effect of BUE on DT steel, Chapter 5
described nonoverlapping experiments with a 0.5 mm radius diamond tool. 1215 and 1045
steel were used to compare the effects of carbon composition and strain hardening. These
experiments provided the ability to measure the effect of BUE and tool wear on the machined
groove. Cutting speeds varied from 0.25 m/s to 8 m/s. DoC was kept at a constant 10 µm, but
the chip thickness varied due to the radius of the tool.
Average cutting and thrust forces while machining 1215 steel ranged from 4 to 7 N and 2 to 5
N, respectively. Average cutting and thrust forces while machining 1045 steel ranged from 5
to 8 N and 2 to 5 N, respectively. In comparison, average cutting forces from machining
1045 steel were between 10-30% higher than from machining 1215 steel. Higher cutting
forces were expected due to the 1045 steel being a harder material (253 to 197 Vickers
hardness). Machining both materials produced similar average thrust forces.
Normalized forces with respect to the uncut chip area provide a measurement of the
efficiency of the cutting process. After accounting for variation in the groove size,
normalized forces were similar when machining 1215 and 1045 steel despite 1045 steel
having a higher hardness (253 to 197 Vickers). Analysis of the grooves indicated larger BUE
occurred when machining 1045 steel at all cutting speeds. Previous research by Korkut
concluded cutting forces are reduced with BUE because of the change in the effective rake
angle [53]. If a larger BUE occurs when machining 1045 steel, then the cutting process may
become more efficient and require less than expected normalized forces. This would explain
why the normalized cutting forces from machining 1045 steel were equivalent to those of the
1215 steel experiments despite 1045 steel being a harder material.
RTD measurements were between 25°C and 90°C for both materials. Peak temperatures were
then predicted using the SolidWorks Thermal Study model and between 35°Cand 200°C as
the cutting speed increased. The relationship between cutting speed and peak temperatures
was then defined for each material.
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After 1215 and 1045 steel were machined with diamond tools, measurements of the tools’
wear land were taken. Wear rates were calculated based on the volumetric wear of the tool
and the time or distance of the experiment. A cutting speed of 0.25 m/s produced the
minimum wear rate with respect to a unit of time for both materials. Machining 1215 steel
produced a minimum at 1 m/s and machining 1045 steel produced a minimum at 8 m/s for
the wear rate with respect to a unit of distance.
The wear lands developed at an angle between 4° and 9° with respect to the cutting direction.
This is contrasting to the 20° results found in previous work and Chapter 3 of this thesis
[8,15]. The difference may occur due to the fact that workpiece is wider than the tool in
Chapter 3 experiments, while the tool was wider than the workpiece in Chapter 3. A change
in chip geometry from constant thickness to variable thickness also differentiates Chapter 3
and Chapter 5. However, it is still not clear as to how these variations may cause the tool’s
wear land to develop at a different angle.
Using the predicted peak tool temperature and determined wear rates, a temperature model
between cutting speed and wear was created using the Arrhenius equation. The activation
𝑘𝐽

𝑘𝐽

energy for tool wear to occur was determined to be 34.59 𝑚𝑜𝑙 and 24.48 𝑚𝑜𝑙 when machining
1215 and 1045 steel, respectively. Calculated activation energies for each material were
lower than results shown by Paul et. al for uncatalyzted diffusion or graphitization tests [7].
This shows the iron of the workpieces acts as a catalyst for transformation of the tool’s
carbon. The pre-exponential constants were determined to be 21.78 × 105
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µ𝑚3
𝑠

µ𝑚3
𝑠

and 1.33 ×

when machining 1215 and 1045 steel, respectively. In comparison, machining 1045

steel produced less of temperature and cutting speed dependency than machining 1215 steel.
There are two possible reasons for this independence: higher carbon composition of the
workpiece or the additional BUE acting as a protective layer.
The machined grooves were measured using a Taylor Hobson TalySurf Series 2 and an
optical probe. A Matlab program was created to compare the experimental grooves with the
theoretical groove. Differential area between the two signifies the combined effect of the
BUE and the tool wear. The net effect for experiments provided larger than expected
grooves; meaning BUE is the dominating effect due to its extension of the cutting edge
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compared to tool wear causing a recession of the cutting edge. Comparative to the Al-6061
results, larger area differentials were measured on the 1215 and 1045 steel workpieces. For
both steel alloys, the maximum differential area was created at the cutting speed of 1 m/s.
The differential area decreased with increasing cutting speed. The reduction of the
differential area as the cutting speed increases indicates that less BUE occurs. Previous
research indicated the reduction of a BUE could be done by increasing the cutting speed.
This occurs due to the additional power generation and subsequent temperature increase
causing the adhered material to weaken and be swept away.
In comparison, machining 1045 steel produced larger grooves than machining 1215 steel.
This means machining 1045 steel likely produced consistently larger BUE than machining
1215 steel. Based on previous research there are three factors affecting the formation of
BUE: temperature, strain hardening and adhesion properties between the tool and material
[19,28,30,34]. Due to the similar temperatures measured, it is believed the effect of
temperature does not comparatively change the size of the BUE when machining both
materials at the same cutting speed. Strain hardening analysis of the material concluded 1045
steel strain hardens more than 1215 steel; however, this was at strain rates much lower than
those seen in the cutting process. Regardless of the rate, strain hardening difference in the
materials may explain why the formation of BUE is larger when machining 1045 steel.
Further investigation into adhesion properties are necessary to determine if this is also a
potential factor. However, the results show machining 1215 steel produces less of a BUE and
can potentially produce a better surface finish.
Tools after machining Al-6061, 1215 and 1045 steel were examined in the SEM. Tools used
to machine Al-6061 showed very little BUE. The experiment at 4 m/s on the Al-6061
workpiece produce a small BUE, but the cutting edge was still visible because of the BUE’s
geometry. In comparison, machining steel alloys produced consistently larger BUEs on the
diamond tool. SEM observations indicated the size of the BUE grew with the chip thickness
along the contact width between diamond tool and workpiece. Minimal BUE was also
noticed to occur in the areas of the large worn areas near the edge of contact. This displays
evidence that a lack of BUE makes the diamond tool more vulnerable to wear. The
relationship seen between chip thickness and BUE as well as the accelerated wear regions in
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areas of minimal BUE supports the conclusions of the relationship between BUE, chip size
and tool wear in Chapter 3.

7.3 SURFACE FINISH EXPERIMENTS
Four experiments conducted with an overlapping feedrate were done to examine the effects
of cutting speed on the surface finish. A theoretical PV of 0.2 µm was set for each
experiment. Cutting distance was set at 100 m with a 10 µm DoC. Three experiments at 1, 4
and 6 m/s were conducted on the 1215 steel workpiece, while one experiment at 4 m/s was
conducted on the Al-6061 workpiece. The Al-6061 experiment was conducted to provide a
reference of the surface finish attainable with a “diamond turnable” material.
In comparison to the Al-6061 experiment’s RMS roughness (0.15µm) , the 1215 steel
experiment produced an initial RMS roughness (0.25µm) nearly twice as bad. As the cutting
progressed, the surface on the 1215 steel workpiece deteriorated and RMS roughness
doubled in value (0.6µm) . Although the initial RMS value shows the BUE effecting the
surface because minimal tool wear had taken place, the deterioration of the surface also
shows the effect of tool wear and possibly additional BUE.
Machining 1215 steel at 1, 4 and 6 m/s produced optimal results at the highest cutting speed.
Although all cutting speeds produced RMS roughness values worse than the theoretical RMS
roughness value, the 6 m/s experiment produced comparatively better results for the entire
cutting distance. This coincided with the cutting speed relationship of BUE rather than tool
wear of Chapter 5 and indicates BUE is the dominating factor inhibiting a specular surface to
be machined.
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7.4 FUTURE WORK
Analysis of the adhesion properties between the steel alloys and the diamond tool would be
beneficial to determine if this is a contributing factor for the different sizes of BUE. Testing
of high strain rates with the Split-Hopkinson Pressure Bar method for both steel alloys should
also be conducted to compare the strain hardening properties at extremely high strain rates.
Further analysis of the material properties for comparable steel alloys may provide insight
into which are the dominant factors to produce BUE. Short contact experiments would be
useful in understanding the length of time it takes a BUE to form. This may provide
potentially to mitigate the formation of the BUE by modifying the initial contact process
rather than the entire cutting process.
Experiments performed with pure iron should be conducted to test the effect of an absence of
carbon in the workpiece on tool wear rate. Further experiments may also be conducted with
high carbon steels to further understand the effect of the carbon composition of the
workpiece has with tool wear. By expanding the experimentation with multiple materials, a
quantitative relationship between tool wear rate and carbon composition of the workpiece
could be formed.
Machining modifications to reduce the BUE, such as variation in cutting fluids or transition
to a more brittle steel alloy should be examined. The effect of feedrate should also be
examined as the size of the BUE was found to correlate with the thickness of the chip.
Combining these modifications with high speed cutting may work to reduce the effect BUE
has on the surface finish of the workpiece. Machining modifications to reduce the tool wear,
such as workpiece with high carbon content, cryogenic turning or inert atmospheres should
also be further investigated with the combination of the EBID technique to measure tool
wear. Reduction in tool wear can be more accurately quantified using this technique rather
than previous attempts. Ultimately the goal of diamond turning is to produce a specular
surface and this requires suppression of accelerated tool wear and BUE.
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9. APPENDICES
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9.1 EXPERIMENTAL PROGRAMS
In Table 9-1, each 𝑥 coordinate is referenced from the center of the workpiece while the 𝑧
coordinates are referenced from the surface of the workpiece. The 𝑧 coordinate of each point
was kept constant because each experiment attained the same DoC. The RPM is calculated
using the cutting speed and the average radius (𝑅𝑎𝑣𝑔 ) between the contact point and the end
of the cut (point 4’s 𝑥 coordinate). C is in mm, vc is in mm/s, d c is in mm and Ravg is in mm
Table 9-1. Experimental program for groove experiments.
𝒎𝒎

Point

𝒙 (𝒎𝒎)

𝒛 (𝒎𝒎)

Feedrate (𝒎𝒊𝒏)

1

𝐶 + 6(0.24)𝐺𝑇𝐴

5

50

2

𝐶 + 6(0.24)𝐺𝑇𝐴

0.06

50

3

𝐶 − (0.24)𝐺𝑇𝐴

-0.01

. 01 2
2
√
𝑅𝑃𝑀 (0.24) + (
)
𝐺𝑇𝐴

4

√𝐶 2 −

(0.24)𝑑𝑐
𝜋

-0.01

0.24 𝑅𝑃𝑀

5

√𝐶 2 −

(0.24)𝑑𝑐
𝜋

5

50

60𝑣𝑐

𝑅𝑃𝑀 = 2𝜋𝑅

𝑎𝑣𝑔

, where 𝑅𝑎𝑣𝑔 =

𝐶+√𝐶 2 −

.24𝑑𝑐
𝜋

2

In Table 9-2, each 𝑥 coordinate is referenced from the center of the workpiece while the 𝑧
coordinates are referenced from the surface of the workpiece. The 𝑧 coordinate of each point
was kept constant because each experiment attained the same DoC. The RPM is calculated
using the cutting speed and the average radius (𝑅𝑎𝑣𝑔 ) between the contact point and the end
of the cut (point 3’s 𝑥 coordinate). f is in µm/rev, R is in µm, vc is in mm/s and Ravg is in
mm.
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Table 9-2 Experimental program for surface finish experiments.
𝒎𝒎

Point

𝒙 (𝒎𝒎)

𝒛 (𝒎𝒎)

Feedrate (𝒎𝒊𝒏)

1
2

52
52

5
-0.01

50
50

100𝑓𝑟𝑒𝑣
𝜋

-0.01

(𝑅𝑃𝑀√1.6𝑅𝑡𝑜𝑜𝑙 )
1000

100𝑓𝑟𝑒𝑣
𝜋

5

50

√502 −
3
√502 −
4
𝑅𝑃𝑀 =

60𝑣𝑐
2𝜋𝑅𝑎𝑣𝑔

, where 𝑅𝑎𝑣𝑔 =

50+√502 −

100𝑓𝑟𝑒𝑣
𝜋

2
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9.2 DIAMOND TOOL PREP FOR EBID MEASUREMENT
The following steps were taken to properly prepare the diamond tool for EBID measurement:
1. After machining, soak the tool in acetone until the RTD is easily removed.
2. Apply an Au-Pd coating for 1 minute to the tool if observation of the BUE is needed.
3. Once observation of the BUE is completed, suspend the tool in Keller’s solution for
10 minutes. This removes the BUE.
4. Using the ultrasonic cleaner, clean the tool with acetone for 10 minutes
5. Using a Kim Wipe, gently wipe any excess acetone or particulates left on the
diamond.
6. Using an Olympus microscope observed the cutting edge of the tool. Gently wipe the
area until the edge is observed clean.
7. Place the tool in the tool holder.
8. Apply an Au-Pd coating to the tool for 1 minute.
9. Carefully apply a source of hydrocarbon contaminants at the back of the diamond
tool. A dab of cutting oil is sufficient.
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9.3 SOLIDWORKS THERMAL STUDY COMPONENTS

Figure 9-1. Dimensions of round nose diamond tool.

Figure 9-2. Dimension of round nose diamond tool shank.
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Figure 9-3. Dimensions of tool holder.

Figure 9-4. Dimensions of RTD.
215

Figure 9-5. Dimensions of straight nose diamond tool.

Figure 9-6. Dimensions of straight nose diamond tool shank.
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9.4 THIRDWAVE ADVANTEDGE PARAMETERS
Table 9-3. ThirdWave AdvantEdge parameters for Chapter 3 simulations.
Tool Parameters
Cutting radius
Rake angle/length
Flank angle/length
Minimum element size
Maximum element
size
Mesh grading
Tool material
Process Parameters
Width of cut
Length of cut
Friction coefficient
Workpiece length
Workpiece height
Workpiece material
Simulation mode
Meshing Parameters
Max # of nodes
Fraction of
radius/feed
Mesh refine/coarse
Max/min element size

0.0005 mm
0°/1 mm
6°/1 mm
1 mm
0.0002 mm
0.94
Diamond - Single Crystal

0.94 mm
0.4 mm
0.4
1 mm
0.3 mm
1118 Steel
Standard

25000
0.6/0.1
6/3
1/0.001 mm
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Table 9-4. ThirdWave AdvantEdge parameters for Chapter 5 simulations.
Tool Parameters
Cutting radius
Rake angle/length
Flank angle/length
Minimum element size
Maximum element size
Mesh grading
Tool material

0.001 mm
0°/0.5 mm
6°/0.75 mm
0.0003 mm
1 mm
0.9
Diamond - Single Crystal

Process Parameters
Width of cut
Length of cut
Friction coefficient
Workpiece length
Workpiece height
Workpiece material
Simulation mode

0.199 mm
0.15 mm
0.4
1 mm
2 mm
1118 / 1045 Steel
Standard

Meshing Parameters
Minimum element edge
length (Chip Bulk)
Minimum element edge
length (Cutter Edge)
Radius of refined region
Chip refinement factor
Grading near cutting edge
Grading radius factor
Mesh refine/coarse

0.00393 mm
0.00303 mm
0.15 mm
1
6
1
1/5
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9.5 TALYSURF MEASURMENTS CONTINUED
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Figure 9-7. Differential area for 1215 and 1045 steel while machining at 0.25 m/s.
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Figure 9-8. Differential area for 1215 and 1045 steel while machining at 1 m/s.
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Figure 9-9. Differential area for 1215 and 1045 steel while machining at 4 m/s.
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Figure 9-10. Differential area for 1215 and 1045 steel while machining at 8 m/s.
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