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SUMMARY

Hard turning is a process for fabricating precise components from hardened steels using diamond-
like tool materials such as cubic boron nitride. The main characteristic of hard turning is the dry
machining process, which introduces challenges such as high friction and temperature that decrease
the production rate. Research has been used to address these issues through approaches such as
textured surfaces and textured tools to reduce the friction coefficient. However, the use of the finite
element method (FEM) with textured machine tools has not been investigated until now.

This study proposes reducing the friction of the tool—chip interface using a textured tool rake
surface. The technique was modeled in simulations using the DEFORM software package. The data
for the workpiece and tool material for the simulations were based on FEM machining research. The
initial results of the simulations were compared to theoretical modeling and experimental data. Four
texture patterns were investigated: flat (non-patterned), perpendicular, parallel, and rectangular. In
addition, the effects of the edge distance, pitch size, pattern height, and shear friction factors were also
considered.

Of the four pattern types, the tool with the perpendicular pattern was best at reducing the force. An
edge distance of 100 pm also tended to reduce the force. A pitch size of 100 um and a pattern height
of 50 um produced the lowest force values for a perpendicular pattern. Furthermore, a shear friction
factor of 0.6 gave reasonable results for all patterns. The lowest ratios for the cutting force/feed force
and the cutting force/thrust force did not occur under conditions that resulted in the lowest force; it
was a linear function of the pitch size and friction constants. The effective stress on the workpiece was
widely distributed on the chip for the lower cutting forces, and the chip rotated in the direction of the
pattern. Furthermore, the flow angle increased proportionally to the cutting force.

Overall, the texture pattern had an effect on the force; a tool with a perpendicular texture resulted in
the least force. The coefficient of friction was not directly proportional to the force. The different
forces affected the effective stress of the workpiece, and the pattern type and size affected the chip
flow angle.

Future work will address the need for real experiments with textured tools so that experimental and
simulated results can be compared. The cutting conditions will be changed by adjusting the cutting

speed, feed rate, and depth of cut.
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1. INTRODUCTION

1.1 Hard turning with textured tools

Hard turning is a machining process that increases productivity by improving the material removal
ratio in hardened steel (50-70 HRC) using high speed and a single-point contact method. Hard turning
typically uses cutting tools made of cubic boron nitride (CBN), ceramics, and cermet (Konig, 1984).
CBN in particular is quite diamond-like in its characteristics and exhibits good wear resistance. CBN
tools are formed by sintering CBN particles with cobalt, TiC, TiN, and other materials. In general,
there are two varieties of CBN materials: those with high CBN content (90%) and those with low
CBN content (50%—70%) (Zhang, 2005a).

Hard turning has particular advantages when manufacturing engines, bearings, and precision
components with levels of roughness as low as Ra 100-500 nm without machine grinding. Traditional
machining processes require many steps to produce finished products (Fig. 1-1). The grinding process
is followed by surface finishing in conventional machining, which increases both cost and machining

time (Fig. 1-2). The rate of material removal is higher in hard turning than in conventional machining.

Conventional
Machining

Annealing Hardening
| I
Turning Rough turning
I I
Hardening Finish Turning
|
Grinding

Fig. 1-1. Comparison of conventional machining and hard turning (Dogra et al., 2010).



The hard turning process is characterized by dry machining, which means not using cutting fluid to
reduce the temperature between the tool and the workpiece to achieve good surface quality. Even so,
the surface roughness in hard turning is similar to the finish achieved in conventional grinding
machining, although the temperature can reach 900°C or more. Because the white layer generated on
the surface of the workpiece increases its surface roughness, research is underway to find ways of

reducing the temperature.

GRIND/GRIND

HARD TURN/GRIND

HARD TURN/HARD TURN

d

0.00 0.25 0.50 0.75 1.00

B Total cost M Equipment cost O Personnel cost O other

Fig. 1-2. Production cost of end surface finishing on a hardened gear (Hasan, 1998).

However, hard turning does have certain limitations (Al-Zkeri, 2005) that need to be addressed
before it can replace grinding machining in industrial applications. These limitations include the

following:

- shortage of machining database expertise,
- aresulting surface roughness of 0.2 um, and
- the tool that wear quickly and have a short life, increasing the production time for large

components.

The biggest problem in the hard-turning process is high friction, which decreases tool life and
increases tool wear because of high temperature. This leads to increased cycle time and cost.
Therefore, reducing the friction between the tool and the workpiece is extremely important in
improving the hard-turning process. Two approaches are generally used. The more popular is to use a
liquid lubricant, such as oil or grease, through the minimum quantity lubrication (MQL) approach.
The less popular way is to use a textured surface to improve tribological characteristics (Bruzzone et

al., 2008).



The effect of a textured surface on friction is dependent on the texture pattern (Bruzzone et al.,
2008, Evans and Bryan, 1999). Research has shown that the cutting force and friction coefficient are
reduced by appropriate selection of the texture geometry (Jianxin et al., 2012, Kawasegi et al., 2009).
Cutting tools are generally made of carbide (WC-Co) or have a diamond-like carbon (DLC) coating
(Obikawa et al., 2011), while workpiece materials are aluminum or Ti-6Al-4V. Most previous research
has been conducted without the benefit of computer simulation. However, (Jianxin et al., 2012)
examined dry cutting with a textured rake face on carbide tools, and showed the effect of the von
Mises stress and cutting force on textured tools using the finite element (FE) method (FEM) with

ANSYS software.

0.14
| Load: 490 N |
- 0.12 o——
£ 0.10
5]
£ 0.08
8
2 0.06 dimple density ]
-% 0.04 - 7.5%
= -+ 15%
0.02 o 30%
0 N MR T TY ea s gl A MR
0.01 0.1 1 10

Sliding velocity m/s
Fig. 1-3. 80-um micro-dimpling pattern (left) and frictional properties for a patterned surface (right)
(Wakuda et al., 2003).

1.2 Research objectives and approach

The goal of this research is to use the FEM to analyze the hard-turning process with a textured tool
and predict the effects of the texture geometry (pattern shape) as well as the texture size, distance to

the cutting force, and temperature. The detailed objectives are the following:

- Compare the theory of hard-turning modeling to a FEM database, which has structured data from
Johnson—Cook (J-C) modeling, along with experimental data from a literature review,

- Study the effect of tool geometry on the surface related to the texture pattern, size, edge distance
to the cutting force, temperature, strain, stress, and chip direction using FEM modeling, and

- Find the coefficient of calculation for patterned insert simulation, which has coincided with in-situ

data.



This research took place in three steps.

- Step 1: Develop a material database for FEM from J-C modeling using AISI52100 steel
workpiece with CBN tools.

- Step 2: Determine which geometric factors (e.g., texture pattern and size) reduce friction.

- Step 3: Compare the results for stress, temperature, strain, and strain rate to experimental data

and primary FE analysis in other papers.

1.3 Dissertation organization

SECTION 1. INTRODUCTION

This section outlines the hard-turning process, and briefly describes the effect of surface texture.

This section also describes the research objectives, approaches, and organization of each section.

SECTION 2. LITERATURE REVIEW

This section includes the theory of the fundamental metal cutting mechanism in the hard-turning
process, including Oxely’s theory of two- and three-dimensional (2D and 3D) turning, and the effect
of temperature, strain, and stress. This section also describes the FEM formulation for basic metal

cutting, including meshing, criteria, and the way of used.

SECTION 3. FINITE ELEMENT MODELING OF TEXTURED TOOLS

This chapter discusses the boundary conditions of textured tool FEM in terms of workpiece
(AISI5S2100)/tool (CBN) property data, formulation, friction, mesh design, and cutting condition

parameters.

SECTION 4. PREDICTION OF TEXTURE GEOMERY EFFECTS ON THE TOOL SURFACE

This chapter presents the results of texture geometry effects and compares the texture parameters.

SECTION 5. CONCLUSIONS AND RECOMMENDATIONS

This section presents conclusions and recommendations for future research.



2. LITERATURE REVIEW

2.1 Fundamentals of hard-turning modeling

Machining is a material removal process in which unnecessary material from the workpiece is
removed in the form of chips. Machining processes include turning, milling, drilling, sawing,
broaching, shaping, and grinding are classified as either single-point or multipoint cutting processes.
Turning uses a lathe to modify the surface of a cylinder or cone. The surface quality is determined by
several factors, including the workpiece, cutting tools, and machine tool. Machining operations will
not be efficient or economic without a fundamental understanding of the interrelationships of these

factors. Thus, understanding the modeling for force and thermal effects is very important.

2.1.1 Cutting mechanism modeling in hard turning

Fundamental research into cutting mechanics involves two theoretical approaches: orthogonal and
oblique machining processes. In the orthogonal cutting model, the edge of the cutting tool is normal to
the feed direction, as shown in Fig. 2-1(a). The orthogonal cutting model is used in 2D machining.
However, in this model, the deformation zones for chip formation are only considered in plane—strain
deformation with no transversal force component. The oblique cutting model is used in 3D turning
machining, in which the edge of the cutting tool is at an angle of less than 90° to the feed direction.
Most machining operations are actually 3D (Fig. 2-1(b)).

The cutting force is related to the mechanics of chip formation, which has been examined from two
perspectives: the minimum energy principle and the slip line field theory. The minimum energy is
generated in the shear plane following the direction of the shear angle (Merchant, 1945) (Fig. 2-2(a)).
The slip line theory considers the strain, strain-rate, and flow stress. The chip is formed in the

direction of the slip line due to plasticity.



Chip

Tool

The edge of cutting tool
normal to feed rate

Work-peice

(a)
Chip

The edge of cutting tool

Inclination angle to feed rate
) Tool

Work-peice

(b)
Fig. 2-1. Cutting models: (a) The orthogonal and (b) oblique.
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Tool

Primary shear zone
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Fig. 2-2. (a) Shear plane model and (b) The slip line field model.



The cutting forces in hard turning have three components: chip formation, plowing, and sliding.
Zhang (Zhang, 2005b) considered the sum of forces due to chip formation and tool wear for 3D
oblique forces in the hard-turning process. However, we considered only a fresh tool in our
experiments.

The forces due to chip formation are the cutting force P, the axial force P,, and the radial force P,,

as shown in Eq. (2-1).
P.=F,, P,=F,cosC, +F,sinC;, P.=F,sinC,-F,cosC, (2-1)

Where:

tann,) - F, cosa, tan7,

= ok

F.(sini —cosi sina
F.=

(2-2)

sini sina, tann, +cost

S

The cutting edge normal rake angle a, , the inclination angle i, and the side cutting edge angle C.

from 3D oblique cutting geometry can be transformed to 2D cutting geometry. The chip flow angle

can be determined using Stabler’s flow rule (Stabler, 1951), as shown in Eq. (2-6). Thus, the cut width

o and the undeformed chip thickness t~ are determined using Eq. (2-7).

i =sin™*(cosn, sini —sinn, sina, cosi) (2-3)
a, =sin” Esectzon S;Z‘i;:;i“i* J (2-4)
C;=C,+1, (2-5)
ne=1 (2-6)
t" = fecosC,, @ :d/cosC: (2-7)

The turning force is due to shear force, which is related to the workpiece material equation. The
Johnson—Cook equation (Johnson and Cook, 1983) is used as the constitutive model of the workpiece

(Eq. 2-8).

(o)

n & T-T.\"
o:(A+Be )[1+Cln8_—](1—£T —Tj J (2-8)



This model is a function of the strain e, strain-rate &, temperature 7 , and five constants (A, B, C,
m, and n). If the temperature increases, the material will become softer, and the strain and strain rate

will change.
2.1.2 Thermal effect modeling in hard turning

Hard turning is a type of dry machining; it uses no cutting fluid. The temperature can quickly rise
to a high level. Because high temperatures affect machined parts, understanding this heat generation
process is important. Figure 2-3 shows three heat sources: the primary heat source from the shear zone,
the secondary heat source from the friction zone, and the rubbing heat source from the interface
between the workpiece and the tool. While the primary heat source generates heat along the shear
plane, almost all of this heat diffuses to the workpiece and the chip. The rubbing heat source is

particularly significant for machining using worn tools.
Tool

Secondary

/ heat source

Primary

heat source \

Rubbing
Heat source

Work-piece

Fig. 2-3. Three heat sources in metal cutting, including tool wear (Huang and Liang, 2003).

Boothroyd(Boothroyd, 1963) and Oxley(Oxley, 1989) proposed average temperature rake face
T,,(Eq. 2-9)

T, =T, + ATy, +WAT,, + AT,y (2-9)

Where ATy, is the temperature contributed by the primary heat source, AT, is the temperature
contributed by the secondary heat source in the chip, AT,, is the maximum temperature from the

secondary heat source in the chip, and AT is the temperature from the rubbing heat source.

-9-
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AT, = P In Ay |~ 6.06- 0.1956 ( Rit, j + 0.5ln(%j (2-11)
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2.2 FEM for cutting metal

Research into metal cutting has been mainly experimental. Although FE simulation modeling has
been used (KOMVOPOULOS et al.,, 1991, MacGinley and Monaghan, 2001, Ozel, 2006), the
complexity of the cutting process has extremely limited its application. Because any single FEM
approach cannot be applied to all cutting processes, understanding cutting FEM algorithm principles

is important. This chapter discusses previous work that has applied FEM to cutting.

2.2.1 FEM formulation

There are three approaches to FE formulation based on continuum mechanics: Lagrangian,
Eulerian, and arbitrary Lagrangian Eulerian (ALE).

The Lagrangian formation involves moving the reference frame, as shown in Fig. 2-4(a) (Childs,
2000), which requires a chip separation criterion. The mesh elements change shape to replace the
distorted element by remeshing (Komvopoulos and Erpenbeck, 1991, Ueda and Manabe, 1993, Zhang
and Bagchi, 1994, Ozel, 2006). The Lagrangian formulation has the advantage of predicting chip
formation.

The Eulerian formulation does not require a chip separation criterion at steady state. The advantage
of the Eulerian formulation is its short computation time. It also requires fewer mesh elements than
the Lagrangian formation, and, as shown in Fig. 2-4(b), requires no distorted mesh (Carroll lii and
Strenkowski, 1988, STENKOWSKI et al., 1990, Childs and Maekawa, 1990, Childs, 2000). However,
this formulation is unsuitable for actual metal cutting processes.

The ALE approach, shown in Fig. 2-4(c) (Ozel, 2006), is a formulation that combines the
advantages of the Lagrangian and Eulerian formulations, and is used in commercial software
packages such as DEFORM and Abaqus/Explicit. The tool mesh is fixed while the material reference
frame is moved in the cutting direction, as in the Lagrangian formation. The chip flow is analyzed in

the same manner as in the Eulerian formation.
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Fig. 2-4. (a) Lagrangian, (b) Eulerian, and (c) ALE formulations.
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2.2.2 The damage theory for chip separation

Chip separation is implemented as a fracture criterion in the DEFORM program. Ductile fracturing

reaches the point of plastic strain, as expressed in Eq. (2-13) (McClintock, 1968).
rf f(stress state) de=C (2-13)
o

where f is a weighting function, e is the equivalent strain, ¢, is the equivalent strain to fracture,

and C is a material constant.

When the tool mesh has the same mesh as the workpiece, the chip is generated at the point of
fracture (Eq. 2-13). As shown in Fig. 2-5(a), there are two categories for graphical chip separation. In
the first category, a predefined line exists to the cut depth. When the cutting tool edge and element
distance become less than the critical distance Dc, node E can be separated into new components E
and E’ This process is conducted sequentially until the chip has been formed. The other method is

continuous remeshing based on large plastic deformation.

A
c L
Parting Line
D>Dc¢
F G
A B

F G

Fig. 2-5. Geometrical Separation (Mamalis et al., 2001).
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2.2.3 Friction and Heat Transfer

Friction conditions are complex and can be characterized in various ways. Friction depends on the
cutting condition, tool edge geometry, and other factors (Childs, 1998). The numerical process of
friction in FE models has been assumed to fall into two categories.

The first category is the Coulomb model,

p=— (2-14)

where w is the coefficient of friction, T 1is the frictional stress, and o, is the normal stress.

Figure 2-6(a) shows the normal stress distributed on the tool edge. In the DEFORM program, the
frictional stress is calculated using the flow stress of the workpiece (SFTC, 2008). For hard turning,
some researchers have assumed a value of 0.3—0.35 for the coefficient of friction (GUO et al., 2002,
Ramesh et al., 2005).

The second category is the shear model,

T=m-K

chip (2-15)

where T is the frictional shear stress, Kchip is the shear yield stress, and m is the friction factor. A

value of m = 0 indicates a frictionless interface, while a value of m = 1 indicates a sticking friction
interface. This friction is used mostly for bulk-forming simulations. Several researchers have assumed
a shear friction coefficient of m = 0.5 (Umbrello et al., 2004, Mamalis et al., 2002). (Zorev, 1963)
assumed that the tool edge had two friction regions, as shown in Fig. 2-7.

The sticking region is applied to the constant shear stress along with /,, the length of the sticking
region, where [, = 2feed. The sliding region then respects Coulomb’s law because the shear stress
decreases following the rake face.

The friction due to plastic deformation at the tool—chip interface generates heat (Subbiah, 2006).
The heat transfer is assumed to result in heat conduction only in the workpiece material. The

governing equation of this heat transfer is

2 2
G o T:meP wZL +Q (2-16)
o oy oy ox
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where K is the thermal conductivity of the workpiece, p  is the mass density, C, is the specific

heat capacity, u is the velocity in the x-direction, v is the velocity in the y-direction, and Q is the

volume heat flux. The tool—chip heat transfer coefficient was assumed to be 28 N/s/mm/°C for the FE
analysis (Umbrello et al., 2004).

CBN insert CBN insert

(a) (b)
Fig. 2-6. Distribution of (a) normal stress and (b) shear stress on the cutting edge (Zhou et al., 2003).

WORKPIECE

Fig. 2-7. Curves representing the stresses distributions on the rake face (Zorev, 1963).
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2.3 Textured Inserts

A textured surface reduces friction and improves lubrication (Bruzzone et al., 2008), but only if the
texture is less than micro-sized (Pettersson and Jacobson, 2006). Larger texture sizes (e.g., macro-
sized) increase friction. Smaller texture sizes reduce friction because the debris from wear becomes
entrapped in the texture geometry (Pettersson and Jacobson, 2006, Dubrujeaud et al., 1994) and
lubrication is better (Blatter et al., 1999, Costa and Hutchings, 2009, Erdemir, 2005).

Textured surfaces can be applied to various regions in optical, mechanical contact, hydrodynamics,
metrology artifacts, friction and wear, adhesion, thermal, and machining applications. (Tatsumi et al.,
1999) developed the single crystal diamond engineered tool shown in Fig. 2-8, which has a texture
size of 2-3 mm in macro units. This tool had a high removal rate and increased active grit number.
(Hintze W., 1998) also developed a textured tool for material removal machining that reduced friction.
It had reduced contact length and increased tool life.

Surface engineering technologies have been developed that add or remove material. For machining
tool applications, the adding material process involves coating the tool surface with a DLC. (Obikawa
et al., 2011) fabricated coated tools with micro-textured surfaces (Fig. 2-8) using four geometric

patterns: perpendicular, parallel, pits, and dots.

Fig. 2-8. Charge-coupled device micrographs of four types of micro-texture coated with DLC for
groove and pit widths of w = 50 um: (a) perpendicular; (b) parallel; (c) pit, and (d) dot
(Obikawa et al., 2011).
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Manufacturing methods for material removal to produce textured tools include laser machining,
grinding machining, and electrical discharge machining. In laser machining, the texture pattern is
fabricated through the ablation and interference phenomena of a femtosecond laser (Kawasegi et al.,
2009, Sugihara and Enomoto, 2009). Kawasegi and Sugihara have developed textured tools for
turning machining (Fig. 2-9) and milling machining (Fig. 2-10), and have researched the effect of
micro-textured and nano-textured tools.

For grinding machining, the grinding wheel has a V-tip applied by a dresser, as shown in
Fig. 2-11(a). The micro-texture on the tool rake surface is arrayed by the grinding wheel, as shown in
Fig. 2-11(b). Experimental results have indicated that a micro-grooved tool may reduce cutting sparks,
the tool—chip contact length, and tool wear (Xie et al., 2012).

The results of previous research have shown micro-size patterning effectively reduces the friction
force, coefficient of friction, and contact length. Smaller pattern sizes and deeper textures contribute

to a lower friction factor.

&

M o ASum ]
™\ /‘:"'\' j’r"‘\
‘1.7pm

30.00 [um]

dw=1.5pum

30.00 [um]

Fig. 2-9. Scanning electron microscopy images of a cutting tool with a (a) microtexture (pitch of
10 um) and (b) nanotexture (pitch of 800 nm) patterned by a femtosecond laser. Cross-
sectional trace of the (c) microtexture and (d) nanotexture measured with an atomic force

microscope (Kawasegi et al., 2009).

Cutting tool (Insert)
Rake face

Micro groove Rake face

Main cutting edge

Main cutting edge

AFM image

(a) (b)

Fig. 2-10. (a) Cutting tools with nano-/micro-textured surface (b) Cutting tool with micro-textured

surface (Sugihara and Enomoto, 2009).
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(b)

Fig. 2-11. (a) Micro-grinding of a micro-groove array on tool rake surface (b) Dry turning using a

micro-grooved tool (Xie et al., 2012).
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3. FINITE ELEMENT MODELING OF TEXTURED TOOLS

3.1 Introduction

This chapter describes the complete details of FEM for hard turning using texture geometries with
patterns taken from previous research. The FE analysis follows details of the boundary conditions,
such as friction, as well as mesh control details and data related to the tools and materials.
Experimental and FEM data from the literature are compared with the results of previous simulations.

All of the simulations consisted of 3D FEM.

3.2 Textured geometry modeling on the tool surface

The tool geometry (Table 3-1) was the same as that used by (Dawson, 2002) to allow comparison
between our experimental data and other FEM data.

The modeling geometry was first drawn using Solidworks 2012, and then the geometry files were
exported in stereolithography (STL) file format for transfer to DEFORM-3D. The nose radius was
0.8 mm with no assumed chamfer or hone. The geometry used in the simulations was part of the tool
tip (black portion in Fig. 3-1(a), shown in greater detail in Fig. 3-1(b)). The tip size was 2 mm from
the edge of the tool, which was the CBN-brazed section of a real tool. Figure 3-1(b) shows the pattern
on the surface of the tools. The edge distance is one of the parameters that affects the force or
machineability (Obikawa et al., 2011). Figure 3-1(d) shows the STL format of the model in DEFORM.

The analytic modeling of the tool was done in rigid mode. Table 3-2 shows the properties of the
tool material. The data can be found in various sources in the literature. There are two categories of
CBN content: low (50%—70%) and high (greater than 90%) (Al-Zkeri, 2007). These simulations
considered only low CBN.

Table 3-1. Tool Geometry Specification used in the simulations(Dawson, 2002).

Tool Geometry Specification Value
Nose radius, 1 0.8 mm
Side Rake Angle, v, -5°
Back Rake Angle, ¥ -5°
Side Cutting Angle, A, -5°
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(c) (d)

Fig. 3-1. Tool geometry used in the simulations and transferred in STL file format.

Table 3-2. Low CBN tool material properties.

Properties Value Reference

Young’s Modulus (GPa) 588

(Ng et al., 1999)
Poisson’s ratio 0.17

Thermal expansion( x 10-6/°C) 0.47 (Heath, 1987)

Emissivity 0.45
o (Ngetal., 1999)
Thermal Conductivity (N/sec/ °C) f(T)
(Heath, 1987)
Heat Capacity (N/mm2/°C) f(T)
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Table 3-3. Thermal conductivity and heat capacity as functions of temperature (Heath, 1987, Ng et al.,
1999).

Temperature(°C) ~ Thermal Conductivity (N/sec/°C)  Heat Capacity (N/mm2/°C)

20 59.4 2.7390
100 64.4 3.3308
200 67.7 3.9502
400 68.8 4.6751
600 66.7 5.0880
800 63.9 5.2991
900 62.0 5.3541
1000 59.5 5.3771

The geometry parameters in this study were defined as the texture shape, edge distance, pitch size,
and texture height, the values of which are given in Table 3-4. As shown in Fig. 3-2, the texture
patterns were non-textured (flat), perpendicular, parallel, and rectangular. The non-textured type (no
pattern on the tool surface) was included for the sake of comparison. The perpendicular pattern had
horizontal grooves, and the parallel pattern had a vertical cutting edge. The rectangular pattern was
both horizontal and vertical.

The edge distance is an important parameter due to the undeformed chip thickness of 100 pm
(Obikawa et al., 2011). Thus, the effect of the edge distance was varied over the range 50—-500 pm. In

addition, the pitch and height of the texture were also varied. Table 3-4 lists the parameters considered.

Table 3-4. Simulation parameters related to tool geometry.

Parameter Value

Non-textured

perpendicular
texture shape
parallel
rectangular
edge distance (um) 50/100/150/300/500
pitch size (um) 50/100/150
texture height (um) 50/100
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(a) flat(non-texture) (b) perpendicular
(c) parallel (d) rectangular

Fig. 3-2. Textured tool CAD models used in the simulations.
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3.3 Workpiece modeling with flow stress data for AISI52100

The simulations assumed the use of AISI52100 bearing steel, 50 mm in diameter with a hardness of
62 HRC, as well as a local domain and a plastic mode. The workpiece model (Fig. 3-3) was designed
in DEFORM considering the tool contact. The tool geometry was round, 5 mm in the cutting direction
(y-direction), 0.66 mm high (z-direction), and 1.75 mm wide (x-direction). All workpiece models were
the same, independent of the tool textures.

The Jonhson—Cook flow-stress model, briefly introduced in Chapter 2 above, was judged to be
suitable for the plastic behavior of AISI52100 (62 HRC) bearing steel. (Huang, 2002) examined the
flow-stress of AISI52100 (62 HRC) bearing steel using orthogonal cutting experiments and force data.
The force results were determined by minimizing the objective function given by Eq. (3-1). Equation

(3-2) shows the results for the Johnson—Cook equation constant.

min {\/Z[(chw ~F ixp )2 TW, (E‘,SIM —F pxp )2 } } (3-D

where F, ¢, is the cutting force, F, g, is the thrust force from the orthogonal cutting model, and
w, is a weight constant to compensate for any error that may be generated in the optimization

process.

3.1710
o= (774.78 +134.46-€°37° ) -(1+0.0173-In¢)-| 1- _T-25 MPa (3-2)
1487 -25

where A (774.78 MPa) is the yield stress, B (134.46) is the strain hardening coefficient, n (0.3710) is
the strain hardening exponent, C (0.0173) is the strain rate dependence coefficient, and m (3.1310) is
the temperature dependence coefficient. The flow-stress(MPa) of AISIS2100 is represented at 12

strain, 9 strain rate (s"), and 7 temperature(°C), as shown in Fig. 3-4.
p g
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Fig. 3-3. Local domain portion of the workpiece analysis in DEFORM.
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Fig. 3-4. Flow-stress(MPa) of AISI52100 (62 HRC) according to (Huang, 2002) equation.
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3.4 Boundary condition

The cutting conditions were fixed values taken from one of (Dawson, 2002) experiments: a cutting
speed of 182.9 mm/min, a feed rate of 0.152 mm/rev, and a depth of cut of 0.203 mm. The
environment was assumed to be room temperature (20°C), and the convection coefficient was
assumed to be a constant 0.02 N/s/mm/°C. The tool-workpiece interface conditions were defined by
the friction factor and the heat transfer coefficient. The friction was set to values of 0.2, 0.4, and 0.6 of
constant shear friction while the heat transfer coefficient was a constant 28 N/s/mm/°C (Umbrello et
al., 2004).

The finite element meshes of the tool and the workpiece were designed with a mesh window, as
shown in Figs. 3-5(b) and 3-5(c). The meshes of the tool and the workpiece were limited to minimum
element sizes of 0.02 and 0.015 mm, respectively. A tetrahedral mesh was used for both. The textured
tool was moved in the cutting direction (y-direction) at a cutting speed of 182.9 mm/min. The feed

direction (x-direction) and the thrust direction (z-direction) were determined.

(a) 3D FEM modeling

(b) textured tool (c) workpiece

Fig. 3-5. Mesh modeling for the FEM.
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3.5 Comparison between simulation and experiments

The results of the simulation are compared for one case of Dawson’s experimental data in Fig. 3-7
using the cutting conditions shown in Fig. 3-4 with a fixed shear friction of 0.6). The following
experimental data were compared: cutting force, feed force, and thrust force.

Slight differences were observed between the simulation and experimental data for the cutting
force (11% difference) and feed force (5% difference). However, the difference between the thrust
forces was much greater. (Al-Zkeri, 2007) discovered two reasons for this in 3D FEM (Fig. 3-6). First,
the flow-stress did not cover the lower range of the strain, strain rate, and temperature. Second, the

mesh was not small enough to predict the workpiece and tool tip behavior accurately.

W Experiment
Prediction

180 - 250

160 - W Experiment
fic
Prediction 200 -

Cutting Force (N)

I
Depth Force (N)
o 8 B8

Test#2 Test#3 Test#4 Test#1 Test#2 Test#3 Test#4
Hard Turning Test Hard Turning Test
(a) cutting force (b) thurst force(depth force)

Fig. 3-6. Comparison of predicted and measured forces in the (a) cutting and (b) feed directions

during cutting tests (Al-Zkeri, 2007).
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Fig. 3-7. Comparison of predicted and experimental data.
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3.6 Summary

This chapter described the FEM conditions used for the DEFORM simulations. The tool was
assumed to be of low-CBN, and four types of texture pattern were selected from previous research.
The parameters related to the tool geometry were the edge distance, texture pattern, pitch size, and
texture height. The workpiece was assumed to be made of AISI5S2100 (62 HRC) bearing steel. The
flow-stress for AISI52100 was assumed to follow the Johnson—Cook equation. The meshes of the tool
and workpiece were generated as high-density window meshes with minimum sizes of 0.02 and
0.01 mm, respectively. The friction parameter was set to 0.2, 0.4, and 0.6 of shear constant.

To validate the simulation conditions, the data were compared to Dawson’s experimental data. The
simulated and experimental values for the cutting force and feed force were in good agreement, but
those for the thrust force were not. According to (Al-Zkeri, 2007), this was due to lack of small-scale

strain, strain rate, and temperature results, as well as the lack of a sufficiently small mesh size.
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4. PREDICTION OF TEXTURE GEOMETRY EFFECTS
ON THE TOOL SURFACE

4.1 Texture shape

The four texture patterns were flat, perpendicular (+edge), parallel (+edge), and rectangular
(+edge). The friction was fixed at a shear constant 0.6. The pitch size was 100 um, the height was
50 um, and the edge distance was 100 um. Figure 4-1(a) shows the cutting force as a function of
simulation time. The average calculation force data were taken from the quasi-steady-state area over
the time period 0.007-0.012 s, as shown in Figure 4-1(b). Figure 4-1(b) had displayed standard
deviation for fluctuation of the force in the quasi-steady-state area data.

The feed force was similar for the flat and perpendicular-textured tools. The parallel-textured tool
had the lowest feed force. Our results were somewhat different from than the experimental results
(Kawasegi et al., 2009) where the perpendicular pattern had greater lower thrust and feed force than
the parallel pattern did. The cutting force and thrust force were comparable for all tool texture types.
The perpendicular-textured tool was best for reducing the cutting force, similar to the experimental
results (Kawasegi et al., 2009, Obikawa et al., 2011).

The ratio for the cutting force/feed force were lowest for the perpendicular texture. The lowest
cutting force occurred with the perpendicular texture. The largest ratio for the cutting force/feed force
occurred for the parallel texture, as shown in Fig. 4-1(b). All of texture had similar to ratios of the
cutting force/thrust force.

The chip was subject to more stress after the pitch position, as shown in Figs. 4-2(a)—(d). The
parallel and rectangular textures clearly concentrated the stress on the pattern position. This pattern
was interrupted following the chip, and the chip flow direction was determined by the pattern
direction. The flat and rectangular textures had chip flow angles of 75°-76°. The perpendicular texture
had the smallest chip flow angle (44°) following the pattern direction. The parallel texture had a 90°
chip flow angle, which is why that chip was rotated in the parallel pattern direction. Thus, the
perpendicular texture had the effect of decreasing the cutting force while the parallel and rectangular

textures did not.
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Fig. 4-1. (a) Quasi-steady-state area of cutting force depending on texture pattern and (b) predictive

force of various texture shapes.
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4.2 Edge distance

The results showed that a textured tool with no edge had higher force than one with an edge, and
that this force increased with time. The force with a textured tool without an edge did not reach a
steady state. A textured tool without an edge may fracture at the moment of contact with the
workpiece because of the high force predicted by the simulation (Fig. 4-3 (a)). The tool edge is
important to separate the chip from the workpiece when cutting metal. The cross-section of a non-
edge perpendicular-texture simulation confirmed that the maximum stress was not in the shear zones,
but rather distributed along the chip, which means that it did not affect cutting (Fig. 4-3 (¢)).

The feed force with the perpendicular-textured tool decreased as the edge distance increased, while
with the parallel pattern, the feed force increased as the edge distance increased. The cutting force
and thrust force increased as the edge distance increased. The force for a parallel pattern with an edge
distance of 150 um was not concentrated in the shear zone (Fig. 4-3(d)) because the tool—chip contact
zone on the rake face increased to the edge distance. In addition, the ratios increased for the
perpendicular pattern and diminished for the parallel pattern. This does not agree with the
experimental results of (Obikawa et al., 2011), who observed that the cutting force and thrust force
decreased with the perpendicular pattern texture.

The cutting force and thrust force were lowest for an edge distance of 100 um. This agreed with the
experimental results of (Obikawa et al., 2011). Variation of the edge distance did not appear to have
any effect on reducing the force (Fig. 4-4 (a)). However, an infinite edge distance with a textured tool
decreased the thrust and cutting force again. The reason for such a high cutting force with a 50-um
edge distance is that the textured tool was not capable of cutting metal from a workpiece and
generating a high distributed stress (Fig. 4-4 (b)). The feed force was opposite to the largest force at
an edge distance of 100 um (Fig. 4-4 (c)). Similarly, the shear stress was widely distributed in the chip
and workpiece for edge distances of 100 and 150 um (Fig. 4-4(d)). An edge distance of 300 um
(Fig. 4-4(e)) reduced the range of distributed stress.

There was no difference in the ratios for cutting force/feed force at both textures. The ratios for
cutting force/thrust were increased with the perpendicular texture. The ratios for cutting force/thrust
force with the perpendicular texture were reduced.

The chip flow angle varied along with the cutting force. The edge distance, chip flow direction, and
cutting forces also varied proportionally. The cutting force was the least for an edge distance of
100 um. The chip flow direction angle also decreased. For an edge distance of 50 pm, the chip flow

direction was 116°; this was in a direction opposite to that in other simulations.
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Fig. 4-3. (a) Quasi-steady-state area of the cutting force as a function of edge distance, and
(b) predictive force and ratios (cutting force/feed force, cutting force/thrust force) for
the perpendicular and parallel textures for edge distances of 100 and 150 um. The
effective stress of the workpiece cross-section on (c) a perpendicular tool with no edge

and (d) a parallel tool with an edge distance of 150 um.
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4.3 Pitch and height

Figure 4-6 shows the various force and ratios as functions of pitch size for only the perpendicular
pattern texture. The pitch size varied from 50 to 150 um while the following parameters remained
fixed: shear constant 0.6; edge distance, 100 um; and height, 50 um.

All of the predictive forces were lowest for a pitch size of 100 um. The distributed stress in the
thrust direction had a greater range for heights of 50 and 150 um (Figs. 4-6 (b)—(d)). The predictive
force was largest at a pitch size of 50 um. However, the experimental results (Obikawa et al., 2011,
Kawasegi et al., 2009) indicated that the force diminished as the pitch size increased linearly. This
was due to the different size effects in the experiments, most of which used pitch sizes that were less
than 50 pm.

The ratio for the cutting force/thrust force reduced linearly despite the lowest cutting force, which
occurred at a pitch size of 100 um. The ratio for the cutting force/feed force increased as the ratio for
the cutting force/thrust force diminished. In the experiments (Obikawa et al., 2011), the friction
coefficient in the cutting direction increased as the pitch size increased. A very small pitch size
increased the contact area, and thus increased the force. With large pitch sizes, the pattern had no
effect on decreasing the force.

The chip flow angle was lowest and the predictive force was very large for a pitch size of 50 um.
When the chip flow angle increased, so did the predictive force.

Figure 4-7 shows the predictive force and ratios for pattern heights of 50 and 100 pm. The cutting
thrust forces increased as the heights increased, but the feed force decreased. The effective stress
toward the thrust direction was greater for a height of 50 um than for 100 um. The chip flow angle
decreased as the height increased. The experimental results (Obikawa et al., 2011, Kawasegi et al.,
2009) showed the opposite tendency: the measured force decreased as the height increased. However,
the height range in the simulation was greater than that of the experiment, which used heights of less

than 10 pm.
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4.4 Friction factor

The shear friction constant was set to 0.2, 0.4, and 0.6 for each texture pattern. For the flat pattern
(Fig. 4-8(a)), all of the predictive forces increased as the shear friction constant increased. The ratio
for the cutting force/thrust force decreased, while that the ratio for the cutting force/feed force
increased. When the shear constant changed from 0.4 to 0.6, the ratios for the cutting force/feed force
increased dramatically, while that for the cutting force/feed force decreased. For the perpendicular
texture pattern (Fig. 4-8(b)), the thrust force increased with the shear factor, although the cutting force
and feed force decreased. In particular, the cutting force decreased significantly as the shear factor
increased from 0.4 to 0.6.

The parallel (Fig. 4-9 (a)) and rectangular (Fig. 4-9(b)) patterns had a similar tendency. The cutting
force was very large for a shear factor of 0.4 in both cases. The cutting force increased significantly as
the shear factor increased from 0.2 to 0.4. The ratio for the cutting force/feed force was larger than
that for the cutting force/thrust force at shear factor 0.4 and 0.6. The feed force for the parallel texture
pattern was not significantly affected by changes in the shear factor. The cutting force was very large
for a shear factor of 0.4. The thrust force was the largest for a shear of 0.2. The ratio increased
significantly in the cutting direction, and the ratios in the feed direction decreased linearly as the shear
value increased. A shear factor of 0.6 was regarded as suitable for simulation of perpendicular texture
patterns.

The rectangular texture pattern had a high force at a shear of 0.4, just like the parallel texture. The
feed force was almost constant, independent of the shear, while the thrust changed significantly from
a shear factor of 0.2 to 0.4. The cutting force also changed significantly at a shear factor of 0.4. The
coefficient of friction ratio in the feed direction was largest at a shear factor of 0.2.

Figures 4-10 and 4-11 show the chip flow angle. The chip of the flat texture had the largest flow
angle of all the texture types. In particular, for the flat texture, the chip flowed out at a shear factor of
0.2, as shown in Fig. 4-10(a). The increased friction values caused the chip to stick to the tool rake
surface because the high shear stress held the chip, and the normal stress did not exist outside the
depth of cut. The chip thickness increased slightly. The distributed stress of the perpendicular texture
was wider than that of the flat texture. This is why the chip stuck to the surface of the tool rake. The
parallel texture had a greater chip flow angle than the perpendicular texture did. The stress distribution
range was small, similar to the flat texture for a shear factor of 0.2. The increased shear made the chip
stick to the tool rake face, as it did for the perpendicular texture. Thus, the chip flow angles were
reduced as the shear increased. The folding angle of the rectangular texture remained almost constant,

independent of the shear value.
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4.5 Thermal effects and waviness on the chip

Figure 4-12 shows the thermal effects for each pattern type. The secondary heat sources generated
the most heat, regardless of the pattern type. The temperature was the highest for the rectangular
pattern, while the flat pattern had the lowest temperature because its contact area was the smallest.

Figure 4-12(a) shows the relationship between the temperature and the ratios for the cutting force/feed

force and the cutting force/thrust force.
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The waviness of the texture is marked on the chip during metal machining, as shown by previous
experiments (Kawasegi et al., 2009) and our FEM simulations. The stress is distributed by the texture,

and leaves its imprint on the texture.

Stress - Effective (MPa)
1690

)

Fig. 4-13. Scanning electron microscopy images of chips generated while turning aluminum alloy

under dry conditions showing (a) a nanotextured tool with perpendicular waviness and (b)
an enlarged image of (a), and (c) a nanotextured tool with parallel waviness and (d, e)
enlarged images indicated by A and B (Kawasegi et al., 2009). (f) Effective stress on the

chip for the perpendicular texture.

- 43 -



4.6 Summary

This chapter described the simulation results for the effects of tool texturing. The four types of
texture patterns were flat (non-textured), perpendicular, parallel, and rectangular. Because the
perpendicular pattern gave the best results and had the lowest predictive force, it can be considered
representative of all the experiments. However, the parallel pattern gave the poor results for the ratios,
and its results were opposite to those of the others.

The simulations analyzed various edge distances for the perpendicular and parallel textures only. A
tool with no edge, i.e., an edge distance of zero, had the highest predictive force. For the
perpendicular texture, an increase in the edge distance increased the predictive force and the ratio. The
parallel texture demonstrated the opposite tendency.

The pitch size and height of the texture pattern affected only the perpendicular texture. A pitch size
of 100 um reduced the predictive force. The ratio increased as the pitch size increased. An increase in
height increased the predictive force and the ratio.

Changes in the shear friction affected all texture types. They increased the force for the flat pattern,
and decreased the force for the perpendicular pattern. The parallel and rectangular textures had their
largest forces at shear constants of 0.4. A shear constant of 0.6 was regarded as suitable for the
simulation of textured tools.

The effective stress was widely distributed on the chip, the pattern had a high predictive force.
Furthermore, the ratio was highest. The force affected the chip flow direction angle was in that when

the pattern had a high force, the chip rotated to the pattern direction and the chip flow angle decreased.
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S. CONCLUSIONS AND RECOMMENDATIONS

5.1 Summary of work

This dissertation was motivated by the need to reduce the friction of the tool—chip contact interface
in hard turning. One way of reducing friction is to place a grooved pattern on the tool rake surface.
Many experiment-based research efforts have shown that the measured force and friction are
functions of lubrication. However, the objective of this study was to use FEM simulation to validate
the effect of textured tools.

Chapter 2 presented a literature review on the theory of hard-turning modeling, application of the
FEM for metal cutting, and experimental cases classified by fabrication method. The theory of the
hard-turning process was discussed in terms of the cutting mechanism for the force and thermal
effects. The basis of the FEM for metal was presented as an analysis algorithm for the DEFORM
software, the criteria of chip separation, friction, and heat transfer. In addition, the textured tools from
previous research were classified by fabrication method.

Chapter 3 discussed the preparation work for the simulation analysis and described the tool
material properties and workpiece properties such as flow stress. Boundary conditions and mesh
control were examined. The chapter also discussed the comparison of theoretical, simulation, and
experimental data.

Chapter 4 discussed the results of the simulations in terms of the four texture shapes, edge distance,

pitch size, pattern height, and friction factors.

5.2 Conclusions

The effects of four textures (flat, perpendicular, parallel, and rectangular) for hard turning were
investigated using FEM with the aim of reducing friction. The textured tools had reduced predictive
forces and ratios. The feed force had the opposite tendency to the cutting and thrust forces. The edge
distance is an important parameter for cutting metal. In the case of no edge, i.e., edge distance of zero,
the predictive force was extremely large because the maximum shear stress was not generated at the
shear zone. An edge distance of 100 um showed the most promise for reducing the predictive force.

The pitch size and pattern height affected the predictive force. A pitch size of 100 pm gave the best
results, and decreased height tended to reduce the force. The ratio increased as the pitch size increased,

and increased as the height increased.
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A shear constant value of 0.6 was regarded as suitable for the simulation of textured tools. The chip

flow angle was related to the predictive force.

5.3 Recommendations for future work

The simulation results showed that textured tools reduced the force, but not the friction coefficient.
Because direct comparison with experimental results was somewhat difficult due to size differences,
accurate comparison would require experiments and simulation to use the same conditions. In
addition, simulation and experiments involving other cutting parameters, such as the surface velocity,

depth of cut, and feed rate, should be conducted.
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