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Abstract Mechanical micromachining is an alternative to
standard methods of microfabrication owing to its applicabil-
ity to a wide range of materials, cost, and versatility of the
process. Many approaches have been undertaken to under-
stand the behavior on such a small scale including experimen-
tal work, finite element analysis (FEA), molecular dynamics
simulations (MD) as well as closed-form analytical ap-
proaches. The purpose of the present study investigated the
use of Third Wave Systems’ AdvantEdge™ Lagrangian-
Eulerian formulated FEA software to analyze chip and non-
chip formation when micromachining Ti6Al4V titanium alloy
for medical device applications. For the specific machining
conditions described in this paper, chip formation occurred
when cutting force (F)/thrust force (Fr) > 1 and burr forma-
tion occurred when F/Fr < 1. In addition to the force condi-
tions, when the ratio of feed per tooth to tool edge radius is
approximately unity (foom/? ~ 1), the micromachining process
forms chips. When the ratio it decreased equal to 0.5 (fioon/
t. = 0.5), chip formation and burr formation exist simulta-
neously. However, when the ratio approaches an approximate
value of 0.3 (fioom/t; ~ 0.3), burr formation is dominant. The
paper focuses on understanding the mechanisms of chip for-
mation as a way to preserve the integrity of the surfaces of
medical materials.
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1 Introduction

Micromachining of various materials including those mate-
rials used in medical devices such as titanium and its alloys
has gained importance over the last several decades with the
development of new fields of electronics, optics, aerospace
applications, environmental sciences, communications, auto-
motive design, die and mold design, medical devices, and
biotechnology applications. Development of features as small
as 1 um and less is a common task for engineers and requires
more attention for further process development if the empha-
sis is focused on further reductions in size. So far,
micromachining has been mainly focused on the semiconduc-
tor industry where chemical etching has been the main process
of interest. However, processes such as Lithography
Electroforming Molding (LiGA), laser machining, ion beam
machining, micro electro discharge machining,
micromechanical machining, etc. are becoming widely appli-
cable to developing products at many length scales.
Micromechanical machining was developed as a bridge be-
tween nano and macrofeature development and is applicable
for the production of individual parts rather than to batches of
parts that are manufactured using other types of
micromachining processes. Fabrication of free-form surfaces
for the use in the production of microinjection molds is one of
the new areas of application due to the interest in building
MEMS and NEMS devices [1].

Micromachining differs from conventional machining,
bringing with it a vast array of challenges. One of the main
problems under investigation is the nature of chip formation
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(and non-chip formation) and the development and control of
surface features. This is mainly due to the “size effect” and the
formation of severely negative rake angles imposed on the
cutting tool during micromachining. The size effect is related
to reaching a theoretical material strength value presented
through the increase in specific energy with the decrease in
the size of the uncut chip thickness. Owing to the fact that
material homogeneity is not applicable to micromachining
and because of the comparable size of the tool to microstruc-
tural features, the material reaches its theoretical strength at
such a scale. Many researchers have tackled the problem of
identifying causes of this phenomenon [2—6] and have con-
nected it to a strengthening mechanism of the material owing
to the decreasing number of defects in the microstructure of
the machined material, thus increasing the strain rate at the
primary shear zone, decreasing its thermal softening point,
and inducing a strain gradient plasticity effect. Furthermore,
with the decrease in the uncut chip thickness, the mechanism
of chip formation changes from shearing to plowing-and-
rubbing changing the force distributions and the energy con-
sumed during chip and non-chip formation. The minimum
uncut chip thickness value directly defines the quality of the
surface obtained by the machining process indicating the im-
portance of this parameter in micromachining.

The minimum chip thickness has been analyzed using var-
ious methods including cutting force periodicity [7], stress
ratio derived from cutting and thrust forces [8], transition from
interfacial sliding to microcutting [9], neutral point analysis
[10], [11], effects of surface roughness [12], relationships be-
tween the friction coefficient, tool radius, and minimum chip
thickness [13], molecular dynamics simulations [14] as well
as traditional experimental work [15]. The research presented
in this paper is focused on determining the transition from
non-chip to chip formation using the cutting-to-thrust force
ratio as the primary parameter in the determination of process
mechanics. As the cutting force/thrust force ratio changes, the
stability of the process also changes. Owing to the stringent
requirements of producing medical implants using Ti6Al4V
alloy with a defined surface quality, finite element modeling is
used to simulate the effects of changing the cutting force/
thrust force ratio, the ratio of feed per tooth/tooth edge radius,
and their influences on chip and non-chip (burr) formation in
the micromachining of Ti6Al4V titanium alloy, which has
direct effect on surface quality and integrity.

2 Finite element model

In the finite element method, the material is represented using
a continuum mechanics approach where the chemistry, crystal
lattice, and grain size are neglected and the material is consid-
ered to be a continuum. The nodes and their number are de-
termined arbitrarily and do not represent features of the
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material. The mesh parameters are set up in such a way that
they only determine the sensitivity during the simulation by
using a finer mesh when small feeds or depths of cut are used
to capture features associated with micromachining. Finite
element analysis (FEA) can be split into three groups:
Lagrangian, Eulerian, and arbitrary Lagrangian-Eulerian
methods. Lagrangian FEA is based on the assumption that
the mesh is attached to the workpiece material and it moves
with the material. Owing to the fact that the elements change
shape, it is often necessary to use re-meshing to restore
distorted elements and that adaptive re-meshing is more com-
monly used. Eulerian FEA involves a workpiece material
which flows through the preset mesh fixed in space. There is
no element distortion in this method. However, the chip for-
mation cannot be modeled and only steady-state problems can
be analyzed. Owing to the advantages and disadvantages of
both methods, a combination of the two called arbitrary
Lagrangian-Eulerian approach is more frequently used. For
these reasons, a Lagrangian-Eulerian FEA was employed in
the analysis.

The model used in the computational analysis of chip for-
mation at the microscale is a three-dimensional Lagrangian-
Eulerian formulated finite element model, which is an explicit
dynamic model that is thermomechanically coupled used spe-
cifically for machining operations. The model uses adaptive
re-meshing capable of finite resolutions at multiple length
scales to incorporate cutting edge radius, the secondary shear
zone, and chip loading effects. Multiple body deformation
simulates tool-workpiece interactions in addition to transient
thermal analyses. Finite deformation kinematics and updated
stress conditions have been formulated by Third Wave
Systems that include balancing linear momentum and calcu-
lating thermal conditions using the second law of
thermodynamics.

For the kinematic conditions, the balance of linear momen-
tum is:

UW—i—pb,:pu, (1)

The principle of virtual work in its weakest form is stated:
IV,‘O’,’j_j + V,'pbidV = J.pV,l/t,dV (2)
B 7 B

Integration by parts and rearranging the terms provide the
force balance for the system:
fpviiiidV + fv,;,-al;,-dV = ,[ Vl'O'iﬁ/'I’l/'dQ + Jv,-pb,-dV (3)
B B B 7 B

In other terms:

(Inertial terms) + (Internal forces) = (External forces) +
(Body forces), or when expressed in matrix format:

Magi + R}, = R, (4)
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Where,
My = /poNaNde() (5)
B0

Here, M, is the mass matrix and the external force array,
R, is:

R?;t = /b,’NadVO + / TiNang (6)
B0 O0BOT

And the internal force array is:

Ri = / P;ijNo;dV, (7)
BO

It should be noted that N, a = 1.....n,u,m,p are shape func-
tions, the repeated indices imply summation, a comma (,)
represents a partial differentiation with respect to the spatial
coordinate, and P;; is the nominal stress known as the Piola-
Kirchhoff stress tensor.

For the thermal conditions, heat generation and trans-
fer are derived using the second law of thermodynam-
ics. A weak form of the first law of thermodynamics (in
discretized form) is:

CTn+1 + KTnJrl = Qn+1 (8)

A lumped capacitance matrix, C, is used in this case to
eliminate the need for solving equations, thus:
CT+KT =0 )

Where, T, is an array of temperature nodes and the heat
capacity matrix is:

Cub Z/CpNaNdeU (10)

Bt

The heat conductivity matrix is:
Kup = /D,-,jNa.,»Nb,jdV (11)
BO

The heat source array assumes that the chip, or tool, has the
appropriate value of 4:

0,= / SNV + / hN ,dS (12)
Bt Brq

During micromachining processes, the sources of heat
are chip formation (plastic deformation) and frictional

sliding at the tool-workpiece interface. The rate of heat
generated 1is:

s=3-WP (13)

where, WP is the power consumed in plastic deformation
per unit deformed volume and the Taylor-Quinney coef-
ficient, § ~ 0.9. The rate of heat generated at the fric-
tional contact zone is:

h=—t|y| (14)

where ¢ is the traction at the contact zone and v is the
velocity across the contact zone. In order to use the
finite element model to simulate the conditions of
micromachining Ti6Al4V titanium alloy, an appropriate
material model is required to properly simulate machin-
ing conditions. For this reason, a custom power law
constitutive material model was used.

3 Constitutive material model

Computational analysis was conducted using Third Wave
Systems’ AdvantEdge™ FEA software. The software utilizes
a custom power law constitutive material model incorporating
strain hardening effects, strain rate sensitivity, thermal soften-
ing effects, and a damage model. Thus,

o(ere,T) = g(e") x I'(e) x O(T) (15)

where, o is the stress as function of strain hardening, strain rate
sensitivity, and temperature, g(¢”) accounts for strain harden-
ing, I(€) accounts for strain rate sensitivity, and ©(7) accounts
for thermal softening of the cut material.

Strain hardening shows the dependence of the flow stress
on strain and is incorporated into the finite element model as:

pln
(") = o [1 +i—p] ifeP < &P (16)
0
2 1
g(e”) = o9 {1 + ?‘“] ifeP>el, (17)
0

where, o the initial yield stress, P is the plastic strain, £, is
the reference plastic strain, e, is the cutoff strain, and 7 is the
strain hardening exponent. Thermal softening parameters
have been defined using the following equations:

O(T) =co+c1T + T + e3T° + ey T + osT°if T
< Teut (18)
T_Tcut

Tmelt_ Tcut

O(T) = O(Tew) (1— > if 7> Ty (19)
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where, ¢ to c5 are coefficients of the polynomial fit, T is the
temperature, T, is the melting temperature, and T, is the
linear cutoff temperature. Strain rate sensitivity is presented
as the dependence of the flow stress on strain defined using the
following equations:

1

<\ A
F(é):<1+.i> if e<e, (20)
£0
NE oy (R
F(é)—<1+.i> <1+.€—’> if > ¢, (21)
<N €0

where, ¢ is the strain rate, &, is the reference plastic strain rate,
& 1s the strain rate of the transition between the high and low
strain sensitivity, and m, and m are the low and high strain rate
sensitivity indices, respectively.

The damage model is expressed using the equation:

AP
p=Y%" egl

i

(22)

where, D is the dimensionless cumulative damage, As P is the
instantaneous increment of strain, and £ is the instantaneous
strain to failure. Constants applied in the power law constitu-
tive material model are presented in Table 1.

The numerical values shown in Table 1 reflect the works of
many researchers and their effort to capture the properties of
simulating the machining of Ti6Al4V titanium alloy.
However, for the experiments noted here, some constants are
calculated and some selected as arbitrary measures. Therefore,
caution should be observed when making absolute interpreta-
tions of the computational data presented in this paper. The
next sections of the paper are focused on using the finite ele-
ment modeling technique to analyze chip formation mecha-
nisms and ensure that the correct chip formation regime is
selected that will improve surface quality and integrity of the
micromachined medical material.

4 Computational results
4.1 Cutting forces and chip formation

Initial studies in the area of modeling of the micromachining
process established the use of finite element software for sim-
ulating the micromilling process in the up-cut and down-cut
milling regimes [1, 2, 7, 12]. The geometry of the end view of
the cutting edge of the micromilling tool looks very similar to
the adjacent view of a standard lathe cutting tool, the differ-
ence being that one tooth of the milling cutter is simulated and
the curvature of the chip formed is so small it appears as
though the workpiece is perpendicular to the motion of the
cutting edge of the tooth. In the practical machining process,
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each tooth cuts a piece of the workpiece material, but the FEA
model simulates the cutting associated with one tooth in con-
tact with the workpiece material. The validity of simulating
the cutting of material using one tooth is shown in Fig. 1. The
six-tooth micromilling cutter shows the chip flow direction in
addition to the local geometry of one tooth (Fig. 1a, b). Here,
the flow of chip material over the flank face of a cutting edge
of a single tooth can be simulated in two dimensions using the
Third Wave Systems’ AdvantEdge™ FEA software using the
down-cut milling regime. The simulations presented in this
paper consider on edge of one tooth of the milling cutter
(Fig. 1c) and the path of material flow shown in the simula-
tions is a replica of the material flow shown in Fig. 1d, where
the flow of the chip is abruptly redirected due to the tooth’s
contact between the workpiece material and the tool edge
radius. The applicability of the use of the FEA modeling tech-
nique has been verified by various researchers detailed in the
reference section of this paper [1, 2, 7, 12]. A conventional
force analysis was compared to computational finite element
models of the micromachining process, and the accuracy of
using such analysis was validated with various materials, tool
materials and coatings, and machining parameters. In terms of
forces, radial (dF,) and tangential forces (dF,) for an elemental
chip at the microscale are:

dF, = KR K. t.(0)do (23)
tano
KR

dF, = —"— 1.0 db (24)
tana

where, K is the average cutting pressure constant, K, is the
ratio of the radial and tangential cutting force, R is the radius
of the cutting tool, « is the helix angle, 6 is the angular posi-
tion of the cutter, and ¢, is the instantaneous uncut chip thick-
ness given as:
N 1

te = tysinf——— £>sinfcosf + — >cos’t 25
¢ 27R 2R * (25)
where, , is the feed and N is the spindle speed in revolutions

per minute. Resolving the forces into horizontal (dFy) and
vertical (dF,) directions yields:

- Ktr

dFy
tana

t.(0)[cosbd + K, sinfd0]

JdF. — KR
Y tana

t.(6)[sinfdf—K .cosOdb]

Integrating Eqs. 26 and 27 and finding the forces in the
directions give:

F\ &R [Py P [ K
Fy) 2tana | Py —P |\ KK,

(28)
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Table 1  Constants applied to the power law constitutive material model
Parameter Designation Value Reference
Thermal conductivity (W/m °C) k 7.3 [16]
Heat capacity (J/kg °C) C 580 [16]
Coefficient of thermal expansion (1/°C) 1od 0.970 x 107° [17]
Density (kg/m®) P 4430 [17]
Initial yield stress (Pa) 09 0.98 x 10° [16]
Strain hardening exponent n 30.9 Calculated
Reference plastic strain 2 0.0125 [18]
0
Cutoff strain b 10* [18]
Ecut
Coefficient Co 999.72 Calculated
Coefficient C, —0.8785 Calculated
Coefficient C, —0.0141 Calculated
Coefficient Cs 9E-0.5 Calculated
Coefficient Cy —2E-0.7 Calculated
Coefficient Cs 1E-10 Calculated
Reference temperature °C T; 27 Arbitrary
Cutoff temperature °C Tout 1000 [19]
Low rate exponent my 72 Calculated
High rate exponent my 72 Calculated
Reference strain rate (1/s) & 1 [20]
Threshold strain rate (1/s) & 10° [21]
Young’s modulus (Pa) E, 1.1EM [16]
Poisson’s ratio Pr 041 [16]
Coefficient Dy 11.292 Calculated
Coefficient D, -0.0114 Calculated
Coefficient D, 4E-0.5 Calculated
Coefficient D3 —5E-08 Calculated
Coefficient D, —2E-10 Calculated
Coefficient Ds 4E-13 Calculated
Damage cutoff temperature °C T. 500 [22]
Failure strain increment - 0.1 Arbitrary
fi
Where, tool edge radii, and variable tool materials. Rotational speeds
; 5 used in the simulations are 100,000, 150,000, and 200,000 rpm,
P, = {sinzﬁ 4 N ' cos¢ 4 x (sin@— Sin 9)} 0> (29) respectively. The tool edge radius values used are 10 and 4 pm,
TR 3 R 3 0\ respectively. The feed/tooth values used for the 10-um tool
sin2f N sin’0 t, cos30 0, edge radius are 10, 5, and 3.125 pum, while for the 4-pm tool
Py = {9_ > R 3 R 3 } 0, (30)  edge radius, the values are 4, 2, and 1.25 pm, respectively. The

where, K, and K, are constants that are material specific.
From their analyses, references [1, 2, 7, 12] report that
their finite element formulations of cutting forces main-
tained close accuracy to the closed-form solutions of
forces shown by Eq. 28. Their work thus validated the
use of finite element formulations to the solution of
forces in micromachining with milling cutters.

The machining parameters simulated in the study include
variable rotational cutting speeds, variable feed/tooth, variable

tool material used for the simulations includes a cemented tung-
sten carbide cutting tool (with some coated with diamond) with
six equi-spaced cutting teeth (Fig. 1). The rake angle of the edge
of each tooth was 5° and the relief angle was 10°. The work-
piece material used for the simulations was a Ti6Al4V medical
grade alloy (oa+f3 type alloy) with the following mechanical
properties: tensile strength (895-930 MPa), yield strength
(825-869 MPa), elongation percent (6—10 %), and elastic mod-
ulus of 110-114 GPa. x+f3 Ti alloys include alloys with enough
o- and [3-stabilizers to expand the o+ phase field to exist at
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Fig. 1 Six-tooth micromilling
cutter manufactured from
tungsten carbide showing a the
end view of the cutter, b a
magnified image of one tooth of
the cutter showing tool edge
radius and the remnants of folded
chip material that has adhered to
the flank face of the cutting edge,
¢ global view of the tips of the
teeth, and d a magnified image of
the tool edge radius and flow of
the chip over the flank face of the
cutting edge [26]

room temperature. The o- and (3-phase combination allows one
to obtain an optimum balance of mechanical properties, the
characteristics of which may be tailored by applying the correct
heat treatments and thermomechanical processing regimes.
Owing to its malleability and enhanced mechanical behavior
at low temperatures, Ti6Al4V is used as a biomaterial mainly in
orthopedic implant devices.

Finite element simulations of the micromachining process are
shown in Figs. 2,3, 4,5, 6,7, 8,9, and 10 and Tables 2, 3, 4, 5, 6,
and 7. When analyzing the results obtained for chip curl and
temperature as shown in Figs. 2, 3, 4, 5, and 6, it has become
obvious that there is a change in the chip shape as the ratio of feed
per tooth (depth of cut) and tool edge radius (fiou/t;) changes.
Furthermore, as the uncut chip thickness is decreased, the bend-
ing moment acting on the chip root changes the direction of the
cut chip. For the ratio of feed per tooth/tool edge radius that is
close to unity (fiom/t: ~ 1), the bending moment acts at the chip
root, moving the chip away from the tool. As the ratio of feed per
tooth/tool edge radius is decreased to 0.5 (fiom/t; = 0.5), the
bending moment is absent and the chip moves vertically in an
upward direction. As the ratio of the feed per tooth/ tool edge
radius is further decreased to ~0.3 (foon/t; ~ 0.3), an opposite
bending moment bends the chip towards the cutting tool.

The change in the feed per tooth/ tool edge radius ratio
(foom/t;) also produces a change in the ratio of maximum
cutting/thrust forces (Fc/Ft). As the chip thickness is de-
creased in the “down-cut milling” process, the cutting/thrust
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force ratio changes and is presented in Figs. 7, 8, 9, and 10.
The transition from F/Ft < 1 (burr formation) to Fc/Fr > 1
(chip formation) defines a transition from burr-to-chip forma-
tion and is further characterized in Tables 2, 3, 4, 5, 6, and 7
using rations, F'o/Fand fi,on/t,, for the simulations presented
in this study.

The change in the ratio of cutting and thrust forces has been
confirmed by Kang et al. [23] showing that during the
micromachining process, force components accounting for
plowing and sliding increase with the decrease in uncut chip
thickness, which leads to a change in the force distribution. As
opposed to macromilling processes where the thrust force
reaches a maximum level ~30 % of the maximum cutting
force, the radius of the edge of the tool approaches the size
of the uncut chip thickness in micromilling processes, which
causes the thrust force to become higher than the cutting force.
Consequently, a change in the ratio of thrust-to-cutting force
occurs. The change in force is shown to trigger the transition
from cutting to plowing and vice versa [23].

4.2 Influence of machining parameters on cutting
and thrust force

4.2.1 Spindle speed effect

When analyzing the effect of the spindle speed on cutting and
thrust forces when machining Ti6Al4V titanium alloy at the
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Fig. 2 Contour comparison for
10 um tool edge radius cutting 06
tooth machining at a 10 um feed
per tooth, b 5 um feed per tooth,
and ¢ 3.125 um feed per tooth
using a tungsten carbide cutting
tool. The spindle speed is
100,000 rpm and the maximum
temperature in cutting the chip is
~68, 41, and 57 °C, respectively

ra

04

Y (mm)

Third Wave AdvantEdge

| b

Y {mm)

Third W

Y {(mm)

macroscale, it is apparent that there is a significant change in
force when increasing the rotational speed. As the value for
the rotational speed increases, the thrust force values show a
direct dependence yielding higher values [24]. The rise in the
thrust force with the increase in rotational speed is attributed to
the adherence of the chip to the cutting tool, which is a char-
acteristic associated with the machining of Ti alloys at the
macroscale. As the cutting speed increases when machining
Ti alloys, the temperature at the tool/workpiece interface in-
creases to several hundred degrees Celsius [25]. With the

Third Wave AdvantEdge

Temperature [*C)

AN

A
A/ NAVAVAVAVAY; van s S Ta%s
OO RONEAR 0

"
4% A,
VT VATATAVAYAY, 2 5 A

Temperature 'C)

increase in temperature, adherence of the chip to the tool is
promoted. The degree of adherence is considered to increase
with the increase in speed due to the increase in temperature,
eventually resulting in the increase in thrust force. However, it
has been determined by Robinson [26] that temperatures in
micromachining commonly used engineering materials are
very low, and when micromachining Ti6Al4V titanium alloy,
the temperature stabilizes at ~25 °C depending upon the ma-
chining parameters. Therefore, the fact that there is a lack of
sustained heat flow at high temperatures allows one to predict
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Fig. 3 Contour comparison for
4 um tool edge radius cutting
tooth machining at a 4 um feed
per tooth, b 2 um feed per tooth,
and ¢ 1.25 pum feed per tooth
using a tungsten carbide cutting
tool. The spindle speed is
100,000 rpm and the maximum
temperature in cutting the chip is
~25, 25, and 25.5 °C, respectively

Y {mm)

Y {mm)

Y {mm)

that the chips generated during micromachining do not actu-
ally adhere to the cutting tool, and consequently thrust forces
do not change with an increase in the rotational speed of the
cutting tool. The stability in computed magnitudes of forces
with the consequent change in the rotational speed is present-
ed in Figs. 11 and 12. For the tungsten carbide tools, the forces
are relatively stable at the three magnitudes of cutting feeds.
For diamond tools, the cutting forces are relatively stable,
while the thrust force shows some level of stability that could
be attributed to difference in hardness between using tungsten
carbide and diamond as the tool material.

@ Springer

Temperature [°C)

Temperaure [C)

X (mm)

0.8
X (mm)

4.2.2 Effect of feed per tooth

The influence of the feed per tooth when micromachining
Ti6Al4V titanium alloy is significant in terms of cutting and
thrust forces. The point at which the forces are equal is used to
define the stability of the process and the recommended pa-
rameters in terms of feed per tooth, tool diameter, and spindle
speed. It is shown in Figs. 13 and 14 that both cutting and
thrust forces increase with the increase in the feed/tooth. The
transition point defines three stages of machining: (A) burr
formation, (B) mixed mode region, and (C) chip formation.
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Fig. 4 Contour comparison for
10 pum tool edge radius cutting
tooth machining at a 10 pm feed
per tooth, b 5 um feed per tooth,
and ¢ 3.125 um feed per tooth
using a tungsten carbide cutting
tool. The spindle speed is

150,000 rpm and the maximum €
temperature in cutting the chip is E
~27, 47, and 29 °C, respectively s
€
E
>
3
E
5

There is a strong similarity when the results are compared with
the results demonstrated by Kim and Kim [27] who had based
their research on the differentiation of micro and macrocutting
processes.

Their research shows that the trend of the force increase
with the depth of cut is accounted for by three components of
the force: the rake face which is the equivalent to the cutting
force in macromachining, the clearance face which is a con-
sequence of the contact of the workpiece, and the tool

Temperature ['C)

Temperature [°C)

X (mm})

clearance face due to the elastic spring back of the workpiece
material and the round edge of the tool.

4.3 Changes in heating rate
When the change in heating rate at the point where F = Fris
analyzed, there is a transition of forces from F/Fr < 1 to F¢/

Fr > 1. When Fc/Fr < 1, burr formation is predominant and
when Fo/Ft > 1, the chip formation is prevalent. It can be seen
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Fig. 5 Contour comparison for |
4 um tool edge radius cutting a
tooth machining at a 4 um feed H
per tooth, b 2 um feed per tooth, L
and ¢ 1.25 pum feed per tooth
using a tungsten carbide cutting
tool. The spindle speed is

04

150,000 rpm and the maximum E
temperature in cutting the chip is ;E:
~29, 25, and 26 °C, respectively
02

€

E

>

€

E

>

from Figs. 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25, and 26 that
there is a drastic difference in the shape and position of the
thermal field. The heating rate field changes direction when there
is a change from burr formation to chip formation. Before the
transition, i.e., when stable machining and chip formation is
present, the heating rate field is located in the chip root showing
that the heat will dissipate into the chip rather than into the work-
piece. The heat is then taken away by the chips from the tool and
workpiece. It can be seen that the highest heating rate occurs at
the chip root and is concentrated in one area with no distinctive
dissipation path identified. Upon crossing into the region of burr
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Terperalure [°C)
23.5
23
27.6
27
26.5

2
2.5
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24.5
24
23.5
23
22.5

formation, the heating rate field can be seen to move away from
the free surface of the chip towards the tool and under the tool
into the workpiece. Rather than going into the burr, the heat is
partitioned into the workpiece. The partitioned heat could be
considered responsible for the re-welding of the cracks in the
burrs as it is pushed out of the tool-work material contact zone.
It can be seen that the highest heating rate covers a larger area
below the tool as well as below the chip root into the bulk of the
work material. This change in the position of the heat rate field is
expected to occur and is in accordance with the phenomena
associated with the burr-to-chip transition [26].
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Fig. 6 Contour comparison for
10 pum tool edge radius cutting
tooth machining at a 10 pm feed
per tooth, b 5 um feed per tooth,
and ¢ 3.125 um feed per tooth
using a tungsten carbide cutting
tool. The spindle speed is

200,000 rpm and the maximum E
temperature in cutting the chip is ;E:
~53,29, and 31 °C, respectively
€
E
>~

Y {mm}

5 Discussion
5.1 Cutting forces and chip formation

The effect of the tool edge radius has been an important one
throughout the investigations conducted in the finite element
modeling of the machining process. Analysis has been con-
ducted on the effect of edge roundness on stress and temper-
ature when micromachining AISI 4340 steel using carbide
tools using an arbitrary Lagrangian-Eulerian method [28].

Temperature ['C)

X (mm}

Researchers simulated material flow around the tool edge
without re-meshing or using a chip separation criterion and
argue that this way of conducting FEA gives better predictions
for machining-induced stresses [28]. Li and Shi [29] investi-
gated the effect of the cutting edge radius on forces, chip
thickness, and tool temperature. Owing to the less effective
cutting with a large radius tool, the resulting cutting forces
increase with the increase in the tool edge radius. The chip
thickness is influenced somewhat by the increase in the tool
edge radius showing slight increasing trend. An increasing
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Fig. 7 Contour comparison for
4 um tool edge radius cutting
tooth machining at a 4 um feed
per tooth, b 2 um feed per tooth,
and ¢ 1.25 pum feed per tooth
using a tungsten carbide cutting
tool. The spindle speed is
200,000 rpm and the maximum
temperature in cutting the chip is
~26,28.5, and 25 °C, respectively

Y {mm})

Y {mm)

trend for tool temperature is observed with the increase in tool
edge radius. In the present work, Figs. 2, 3,4, 5, 6, and 7 show
similar trends. When the tool nose radius is increased from 4
to 10 um, the temperature at the tool tip is slightly elevated
(Figs. 8, 9, and 10). Also noted is the slight increase in cutting
force when the edge radius is increased. These observations
are in agreement with the observations of similar finite ele-
ment models [26, 28, 29]. The change in the ratio of cutting
and thrust forces has been confirmed by Kang et al. [23]
showing that during the micromachining process, force com-
ponents accounting for plowing and sliding increase with the
decrease in uncut chip thickness, which leads to a change in

@ Springer

Temperaiure [°C)
26

16

Temperature ["C)

0.8
X (mm)

the ratio of force distribution. When the radius of the edge of
the tool approaches the size of the uncut chip thickness in
micromilling process, the Ft becomes higher in magnitude
than the Fc. Consequently, a change in the ratio of thrust-to-
cutting force occurs because a transition from cutting to
plowing takes place [23].

The mechanism of chip formation and chip morphology
has been investigated by a number of authors who compared
the simulated results with the experimentally obtained chips in
order to understand chip formation micromachining various
materials. A finite element analysis has been presented for
both conventional and high speed machining of Ti6AI4V
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Fig. 8 Cutting and thrust forces a
for a 10 pm tool edge radius and
5 um feed rotating at 100,000 rpm
spindle speed using a tungsten
carbide cutting tool and b 4 pum
tool edge radius and 4 pm feed
rotating at 100,000 rpm spindle
speed using a tungsten carbide
cutting tool. The figures show the
transition from burr-to-chip
formation and the associated
magnitude of force ratio
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alloys incorporating the Johnson-Cook and the applied
models [26, 30]. The researchers investigated chip formation
and morphology and compared it to experimentally generated
chips. The computational predictions were almost identical to
experimentally generated chips. Of course, different material
models produce slightly different curvatures of the chips, but
the computed shapes are largely accurate when compared to
the production of chips during micromachining. The verifica-
tion of applying FEA principles to chip formation and mor-
phology is validated by prior investigations [26, 30]. In the
present work, by observing Figs. 2, 3, 4, 5, 6, and 7, it is
obvious that there is a change in the chip shape as the ratio
of feed per tooth and tool edge radius (fioom/Z;) changes in
magnitude. Furthermore, as the uncut chip thickness is de-
creased, the bending moment acting on the chip root changes
the direction of the cut chip. For a ratio of feed per tooth/tool
edge radius that is close to unity (fioom/t; ~ 1), the bending
moment acts at the chip root, moving the chip away from
the tool. As the ratio of feed per tooth/tool edge radius is
decreased to 0.5 (fioom/t; = 0.5), the bending moment is absent
and the chip moves vertically in an upward direction. As the
ratio of the feed per tooth/tool edge radius is further decreased
to approximately 0.3 (fioom/t: ~ 0.3), an opposing bending
moment bends the chip towards the cutting tool. The same
observations were made in previous investigations [26, 28,
29]. Obikawa and Usui [31] have focused their research on
implementing a crack growth criterion into finite element

\,/f N K\\ !

\ I

\W/i

1 L 1 1 - \\{/_L
w05 {E05 Blh ®E om [V 02uM

Tine fs|

modeling to better predict discontinuous chip formation.
They incorporated a fracture strain criterion and obtained re-
sults in very close agreement to the experimental findings. The
influence of the chosen material model for the FEA on chip
formation has been further investigated [32]. The choice of the
model will clearly make a difference when interpreting the
chip morphology results and comparing them with the exper-
imentally obtained shapes. The chip curl radius can be ob-
served to be different for each material model, and it is argued
that the power law model provides the values closest to the
experimentally generated chips. The stress patterns seem to be
similar in all cases while on the other hand the actual values
are somewhat different depending on the material model used
in the simulations. The temperature distribution is also con-
sidered to be the same or similar in all cases. However, even
though most parameters behave in a similar manner for all
material models, residual stresses in the workpiece material
differ quite significantly [32].

The change in the feed per tooth/tool edge radius ratio (f-
tooth/tr) also produces a change in the ratio of maximum
cutting/thrust forces (Fc/Ft). As the chip thickness is de-
creased in the “down-cut milling” process, the cutting/thrust
force ratio changes and is presented in Figs. 7, 8, 9, and 10.
The transition from F/Ft < 1 (burr formation) to Fc/Fr > 1
(chip formation) defines a transition from burr-to-chip forma-
tion and is further characterized in Tables 2, 3, 4, 5, 6, and 7
using rations, Fo/Fr and f,o/t,, for the simulations presented
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Fig. 9 Cutting and thrust forces a
for a 10 pm tool edge radius and

Burr Formation — Fr

5 um feed rotating at 150,000 rpm 1 Fe
spindle speed using a tungsten
carbide cutting tool and b 4 pum ) ; ;
tool edge radius and 4 pm feed - Chip Formation
rotating at 150,000 rpm spindle g i
speed using a tungsten carbide ; ﬁ\
cutting tool. The figures show the g Fo/Fr<1 1
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in this study. For all the simulations presented, the shear strain
varies between 3.5 and 4 and the position of maximum shear
strain moves from the chip to the surface of the workpiece as
the tool edge radius decreases in magnitude. In terms of sur-
face quality, it is advised that the feed per tooth should be as
large as possible to minimize distortion of the surface of the
workpiece by inducing shear strains into the chip rather than
the surface of the machined workpiece.

5.2 Spindle speed and feed effects

It has been noticed that as the value for the rotational speed
increases, the thrust force values show a direct dependence on
rotational spindle speed yielding higher values [24]. The rise in
the thrust force with the increase in rotational speed is attributed
to the adherence of the chip to the cutting tool [25]. With the
increase in temperature, adherence of the chip to the tool is ac-
tively promoted. The degree of adherence is considered to in-
crease with the increase in speed due to the increase in
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temperature, eventually resulting in the increase in thrust force.
However, Robinson [26] showed that temperatures in
micromachining commonly used engineering materials are very
low, and when micromachining Ti6Al4V titanium alloy prod-
ucts, the maximum machining temperature stabilizes between
25 and 68 °C depending upon the machining parameters.
Therefore, an absence of sustained heat flow at high temperatures
allows one to predict that the chips generated during
micromachining do not actually adhere to the cutting tool, and
consequently, thrust forces do not change with an increase in the
rotational speed of the cutting tool. The stability in computed
magnitudes of forces with the consequent change in the rotational
speed is shown in Figs. 11 and 12. For the tungsten carbide tools,
the forces are relatively stable at the three magnitudes of cutting
feeds. For diamond tools, the cutting forces are relatively stable,
while the thrust force shows some level of stability that could be
attributed to difference in hardness between using tungsten car-
bide and diamond as the tool material. This observation was also
noted when micromilling AIST 1020 and 4140 steels [26] who
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validated the use of FEA for analyzing forces and effects on chip
formation and shape.

The influence of the feed per tooth when micromachining
Ti6Al4V titanium alloy is significant in terms of cutting and
thrust forces. The point at which the forces are equal is used to
define the stability of the process and the recommended pa-
rameters in terms of feed per tooth, tool diameter, and spindle
speed. It is shown in Figs. 13 and 14 that cutting and thrust
forces increase with increases in the feed/tooth. The transition
points define three stages of machining: (A) burr formation,
(B) mixed mode region of cutting, plowing and sliding, and
(C) chip formation. There is a strong similarity when the re-
sults are compared with the results demonstrated by Kim and
Kim [27] who had based their research on the differentiation
of micro and macrocutting processes. Their research shows
that the increasing force with the depth of cut is accounted
for by three components of factors, the rake face, the contact
point of the workpiece, and the tool’s clearance face, which
can cause elastic spring back of the workpiece material and
tool and the rounding effect of the edge of the tool. The studies
conducted in this paper appear to validate their work and that
of Robinson’s [26, 27].

5.3 Temperatures, distribution, and changes in heating
rate

Temperature is considered to be another one of the commonly
investigated issues using FEA in the process of machining.
Usui et al. [33] investigated the tool edge temperature and its
effect on the wear characteristics in machining with ceramic
tools. The influence of the cutting speed on the temperature
generated in the tool has been investigated showing that there
is a significant increase in the tool temperature with a higher
value registered for the rake compared to flank face of the tool
[34]. The fact that the tool temperature increases with the
increase in cutting speed was confirmed [33], and it has been
shown that the temperatures are close to the melting tempera-
ture of the workpiece material. Kim et al. used finite element
modeling to determine temperature and stress distributions in
micromachining [35]. The researchers chose oxygen-free cop-
per as the workpiece material, while the tool was a diamond
cutter. It was presented that the highest temperature occurred
within the shear plane as it reaches 562 °C even though the
depth of cut is only 2 um. They determined that if the effect of
the temperature is ignored, the values obtained for the flow
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Table2  Effect of the feed per tooth/tool edge radius ratio (fion/%:) on chip and non-chip (burr) formation with the associated force condition (tungsten carbide
cutting tool). Simulation conditions: 10 pm tool edge radius, 10, 5, and 3.125 um feed/tooth, and 100,000 rpm spindle speed using a tungsten carbide tool

Simulation

condition (plastic strain)

Chip formation simulation

Feed per tooth /tool Cutting force
condition, Fc and

Fr

edge ratio, (fiooth/tr)

10um tool edge
radius, 10
feed/tooth

100,000 rpm spindle | ! |

pum

and

speed using a

tungsten carbide

X(mm)

tool.

1 Fc>Fr

10 pum tool edge
radius, 5
feed/tooth

100,000 rpm spindle

pum

and

¥ trmm)

speed using a

tungsten carbide

7] 3
X{nn}

tool.

0.5 Fc=Fr

10 pum tool edge | ™Feitesi
radius, 3.125 pum
feed/tooth
100,000 rpm spindle

and

¥ tmm)
8 [

speed using a

tungsten carbide

Ximn)

tool.

~0.3 Fc<Fr

stress are doubled when compared to the experimental one
resulting in forces considerably higher than those measured.
Cao et al. [36] concluded in their research findings that the
maximum cutting temperature depends greatly on the tool
edge radius and it increases with the increase in tool edge
radius. It has also been noticed that the effect of the radius is

@ Springer

not only on the magnitude of the temperature generated during
machining but on the temperature field distribution and direc-
tion as well. In the present work, when the change in heating
rate at the point where F = Fr is analyzed (mixed mode
cutting/sliding), there is a transition of forces from Fc/
Fr < 1to Fo/Fr > 1. When Fc/Fr < 1, burr formation is



Int J Adv Manuf Technol (2017) 91:955-985 971

Table3  Effect of the feed per tooth/tool edge radius ratio (fion/%:) on chip and non-chip (burr) formation with the associated force condition (tungsten carbide
cutting tool). Simulation conditions: 4 pm tool edge radius, 4, 2, and 1.25 pum feed/tooth, and 100,000 rpm spindle speed using a tungsten carbide tool

Simulation Chip formation simulation Feed per Cutting force
condition (plastic strain) tooth /tool condition, Fc
edge ratio, and Fr
(ftootn/tr)

4pum tool edge | "dimeAdaniiye
radius, 4 pm o
feed/tooth and
100,000 rpm

Y (mm)

1 Fc>Fr
spindle speed

using a

tungsten

X(mm)

carbide tool.

4 pum tool edge | | Wave AdvaniEdge p—
radius, 2 pm
feed/tooth and

100,000 rpm
0.5 Fc=Fr

Y (mm)

spindle speed

using a

tungsten

carbide tool.

4 pm tool edge
radius, 1.25
pm feed/tooth

and 100,000
~0.3 Fc<Fr

Y (mm)

rpm  spindle
speed using a

tungsten

carbide tool.
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Table4  Effect of the feed per tooth/tool edge radius ratio (fion/%:) on chip and non-chip (burr) formation with the associated force condition (tungsten carbide
cutting tool). Simulation conditions: 10 pm tool edge radius, 10, 5, and 3.125 um feed/tooth, and 150,000 rpm spindle speed using a tungsten carbide tool

Simulation Chip formation simulation Feed per Cutting force
condition (plastic strain) tooth /tool condition, Fc
edge ratio, and Fr

(ftootn/tr)

10pm tool edge
radius, 10 pm
feed/tooth and
150,000 rpm

Y (mm)

1 Fc>Fr
spindle speed

using a

tungsten

X (mm}

carbide tool.

10 pm tool
edge radius, 5
pm feed/tooth
and 150,000

Y (mm)

0.5 Fc=Fr
rpm  spindle

speed using a

e ey

tungsten | e

083 nl'
X (mm}

085

carbide tool.

10 pm tool p—
edge radius,
3.125 pm
feed/tooth and

150,000 rpm ~0.3 Fc<Fr

Y (mm)

spindle speed

using a

tungsten

carbide tool.
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Table5  Effect of the feed per tooth/tool edge radius ratio (fiom/f,) on chip and non-chip (burr) formation with the associated force condition (tungsten
carbide cutting tool). Simulation conditions: 4 pm tool edge radius, 4, 2, 1.25 pm feed/tooth and 150,000 rpm spindle speed using a tungsten carbide tool

Simulation Chip formation simulation Feed per Cutting force
condition (plastic strain) tooth /tool condition, Fc
edge ratio, and Fr
(ftootn/tr)

4um tool edge
radius, 4 pm
feed/tooth and
150,000 rpm

Y (mm)

1 Fc>Fr
spindle speed

using a

tungsten

carbide tool. X(mm)

4 ll‘m tool edge Third Wave AdvantEdpe —
radius, 2 pm
feed/tooth and

150,000 rpm
0.5 Fc=Fr

Y (mm)

spindle speed

using a

tungsten

carbide tool.

4 pm tool edge | |THiWmeAdaniiy
radius, 1.25
pm  feed/tooth
and 150,000

rpm  spindle ~0.3 Fc <Fr

Y (mm)

speed using a

tungsten

carbide tool.
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Table 6  Effect of the feed per tooth/tool edge radius ratio (fion/%:) on chip and non-chip (burr) formation with the associated force condition (tungsten carbide
cutting tool). Simulation conditions: 10 pm tool edge radius, 10, 5, and 3.125 um feed/tooth, and 200,000 rpm spindle speed using a tungsten carbide tool

Simulation Chip formation simulation Feed per Cutting force
condition (plastic strain) tooth /tool condition, Fc
edge ratio, and Fr
(ftootn/tr)
10pm tool edge

radius, 10 pm
feed/tooth and

200,000 rpm
1 Fc>Fr

Y (mm)

spindle speed

using a

tungsten

carbide tool. ' T Xom)

10 pm  tool | |TwdWmeAduntiy
edge radius, 5
pm feed/tooth
and 200,000

rpm  spindle

0.5 Fc=Fr

Y (mm)

speed using a

tungsten

carbide tool.

10 pm tool
edge radius,
3.125 pm
feed/tooth and

200,000 rpm ~0.3 Fc <Fr

Y (mm)

spindle speed

using a

tungsten

carbide tool.
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Table7  Effect of the feed per tooth/tool edge radius ratio (fion/%:) on chip and non-chip (burr) formation with the associated force condition (tungsten carbide
cutting tool). Simulation conditions: 4 pm tool edge radius, 4, 2, and 1.25 pum feed/tooth, and 200,000 rpm spindle speed using a tungsten carbide tool

Simulation Chip formation simulation Feed per Cutting force
condition (plastic strain) tooth /tool condition, Fc
edge ratio, and Fr
(ftootn/tr)

4um tool edge Third Wave AdvantEdpe
radius, 4 pm
feed/tooth and

200,000 rpm
1 Fc>Fr

Y (mm)

spindle speed

using a

tungsten

carbide tool. ' O Xom

4 pm tool edge | | Wav AdvniEiye st
radius, 2 pm |
feed/tooth and
200,000 rpm

Y (mm)

0.5 Fc=Fr
spindle speed

using a

tungsten

carbide tool.

4 pm tool edge
radius, 1.25
pm feed/tooth
and 200,000

rpm  spindle ~0.3 Fc <Fr

Y (mm)

speed using a

tungsten

carbide tool.
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Fig. 11 Computed cutting and thrust forces as a function of spindle speed for a 10-um edge radius cutting tool (tungsten carbide and diamond cutting
tool materials). Cutting feeds are a 10 um feed/tooth, b 5 um feed/tooth, and ¢ 3.125 pum feed/tooth

predominant and when Fo/Fr > 1, the chip formation is prev-
alent. It can be seen from Figs. 15, 16, 17, 18, 19, 20, 21, 22,
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23,24,25, and 26 that there is a drastic difference in the shape
and position of the thermal field. The heating rate field
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Fig. 12 Computed cutting and thrust forces as a function of spindle speed for a 4-um edge radius cutting tool (tungsten carbide and diamond cutting tool
materials). Cutting feeds are a 4 pum feed/tooth, b 2 um feed/tooth, and ¢ 1.25 um feed/tooth
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Fig. 13 Force versus feed/tooth for a 10-pm tool edge radius cutting tool at various spindle speeds and cutting tool material. A denotes F/Fr < 1 (burr

formation), B denotes F/Fr =1, and C denotes F/Fr > 1 (chip formation)

changes direction when there is a change from burr formation
to chip formation. Before the transition, i.e., when stable ma-
chining and chip formation is present, the heating rate field is
located in the chip root showing that the heat will dissipate into
the chip rather than into the workpiece. The heat is then taken
away by the chips from the tool and workpiece. It can be seen
that the highest heating rate occurs at the chip root and is con-
centrated in one area with no distinctive dissipation path iden-
tified. Upon crossing into the region of burr formation, the
heating rate field can be seen to move away from the free
surface of the chip towards the tool and under the tool into
the workpiece. Rather than going into the burr, the heat is
partitioned into the workpiece. The partitioned heat could be
considered responsible for the re-welding of the cracks in the
burrs as it is pushed out of the tool-work material contact zone.
It can be seen that the highest heating rate covers a larger area
below the tool as well as below the chip root into the bulk of the
work material. This change in the position of the heat rate field
is expected to occur and is in accordance with the phenomena
associated with the burr-to-chip transition [26]. The

phenomenon appears to be in accordance with Cao [36] and
other researchers [37-38]. In terms of surface quality, it is ad-
vised that the chip formation is promoted in order to partition
the heat into the chip rather than into the workpiece material.
For chip formation conditions to occur, the ration F-/Fr should
be greater than unity (F/Fr > 1) and the ration of feed per tooth
to tool edge radius should be approximately unity, i.e., fioom/
t~1.

6 Conclusions

When manufacturing microscale products, it is necessary to
determine the correct machining parameters in order to achieve
the efficient removal of material and associated levels of quality
one expects from a microscale device. It has been determined
that when micromachining Ti6Al4V titanium, that when the
magnitude of the cutting force is higher than the thrust force
(Fc/Fr > 1), chip formation occurs and that chip curl is caused
by the bending moment which acts at the root of the chip. When
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Fig. 14 Force versus feed/tooth for a 4-pum tool edge radius cutting tool at various spindle speeds and cutting tool material. A denotes Fo/Fr < 1 (burr

formation), B denotes Fc/Fr = 1, and C denotes F/Fr > 1 (chip formation)

the cutting and thrust forces are equal in magnitude (Fc = Fr),
the bending moment diminishes, leaving a vertical chip to form
where burr and chip formation exists simultaneously. When the
cutting force is lower in magnitude than the thrust force (F¢/
Fr < 1), chip formation ceases and burr formation is promoted.
Work material detached by the cutting edge is bent towards the
tool, showing an opposite bending moment when compared
with the case of chip formation. Furthermore, the heating rate
is seen to change drastically when the aforementioned transi-
tion occurs. During the chip formation process, the heating rate
field is situated close to the root of the chip moving directly into
the chip and away from the workpiece surface. As the transition
to burr formation occurs, the heating rate field moves into di-
rection of the workpiece and under the tool as the chip-to-burr
transition takes place.

The transition from the chip-to-burr formation can also be
observed when the ratio of feed per tooth to tool edge radius is
analyzed. When the ratio of feed per tooth to tool edge radius
is approximately unity (fioom/? ~ 1), the process forms chips.

@ Springer

When the ratio it decreased equal to 0.5 (fioom/? = 0.5), chip
formation and burr formation exist simultaneously. However,
when the ratio approaches an approximate value of 0.3 (fioom/
t. ~0.3), burr formation is dominant. This information is con-
sidered extremely important when determining the minimum
size of the features produced by the micromilling process.
Also, as the tool edge radius decreases in magnitude, the po-
sition of maximum shear strain moves from the chip to the
surface of the workpiece material.

Finally, it has been determined that the rotational
speed has a different influence at the microscale than it
does at the macroscale. Chip formation is defined by the
adherence of the chip to the cutting tool due to the high
temperatures generated in the macromachining of the
Ti6Al4V titanium alloy (thermal effects are clearly very
important at the macroscale). The lack of chip adherence
and low temperatures generated at the tool-workpiece
contact zone at the microscale (~25 to 68 °C) implies
that a different mechanism of chip formation is operating
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Fig. 15 The change in the direction of the heating rate for a 10-pum radius when F/Fr < 1 (burr formation), ¢ 5 pm feed/tooth when F/Fr> 1 (chip
cutting tool operating at 100,000 rpm with a tungsten carbide cutting tool: formation), and d 5 wm feed/tooth when F/Fr < 1 (burr formation). The
a 10 um feed/tooth when F-/Fr > 1 (chip formation), b 10 um feed/tooth arrows show the direction of movement of the thermal field

at the microscale and that the mechanism is clearly Further computational and experimental work is planned to
heavily dependent on kinematic effects rather than ther-  extend the range of alloys, cutting tools, and operational pa-
mal effects, as observed by other research works on FEA  rameters used in the current work. The authors hope to exper-
of micromachining processes [26, 28—38]. imentally validate the conclusions drawn from this study.

-
L
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Fig. 16 The change in the direction of the heating rate for a 4-pm radius when F/Fr <1 (burr formation), ¢ 2 pm feed/tooth when F/Fr> 1 (chip
cutting tool operating at 100,000 rpm with a tungsten carbide cutting tool: formation), and d 2 wm feed/tooth when F/Fr < 1 (burr formation). The
a 4 um feed/tooth when F/Fr > 1 (chip formation), b 4 pm feed/tooth arrows show the direction of movement of the thermal field
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Fig. 17 The change in the direction of the heating rate for a 10-pum radius when F/Fr < 1 (burr formation), ¢ 5 pm feed/tooth when F/Fr> 1 (chip
cutting tool operating at 150,000 rpm with a tungsten carbide cutting tool: formation), and d 5 pwm feed/tooth when F/Fr < 1 (burr formation). The
a 10 um feed/tooth when F/Fr > 1 (chip formation), b 10 um feed/tooth arrows show the direction of movement of the thermal field
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Fig. 18 The change in the direction of the heating rate for a 4-pum radius when F/Fr <1 (burr formation), ¢ 2 pm feed/tooth when F/Fr> 1 (chip
cutting tool operating at 150,000 rpm with a tungsten carbide cutting tool: formation), and d 2 wm feed/tooth when F/Fr < 1 (burr formation). The
a 4 um feed/tooth when Fo/Fr > 1 (chip formation), b 4 pm feed/tooth arrows show the direction of movement of the thermal field
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Fig. 19 The change in the direction of the heating rate for a 10-yum radius when F/Fr < 1 (burr formation), ¢ 5 pm feed/tooth when F/Fr> 1 (chip
cutting tool operating at 200,000 rpm with a tungsten carbide cutting tool: formation), and d 5 pwm feed/tooth when F/Fr < 1 (burr formation). The
a 10 um feed/tooth when F-/Fr > 1 (chip formation), b 10 um feed/tooth arrows show the direction of movement of the thermal field
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Fig. 20 The change in the direction of the heating rate for a 4-pm radius when F/Fr <1 (burr formation), ¢ 2 pm feed/tooth when F/Fr> 1 (chip
cutting tool operating at 200,000 rpm with a tungsten carbide cutting tool: formation), and d 2 wm feed/tooth when F/Fr < 1 (burr formation). The
a 4 um feed/tooth when Fo/Fr > 1 (chip formation), b 4 pm feed/tooth arrows show the direction of movement of the thermal field
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Fig.21 The change in the direction of the heating rate for a 10-pum radius when F/Fr < 1 (burr formation), ¢ 5 pm feed/tooth when F/Fr> 1 (chip
cutting tool operating at 100,000 rpm with a diamond cutting tool: a formation), and d 5 um feed/tooth when Fo/Fr < 1 (burr formation)
10 um feed/tooth when F/Fr > 1 (chip formation), b 10 um feed/tooth
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Fig. 22 The change in the direction of the heating rate for a 4-pm radius Fr < 1 (burr formation), ¢ 2 um feed/tooth when Fc/Fr > 1 (chip
cutting tool operating at 100,000 rpm with a diamond cutting tool: a 4 um formation), and d 2 pum feed/tooth when Fo/Fr < 1 (burr formation).
feed/tooth when Fo/F> 1 (chip formation), b 4 um feed/tooth when F/ The arrows show the direction of movement of the thermal field
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Fig.23 The change in the direction of the heating rate for a 10-pum radius when F/Fr < 1 (burr formation), ¢ 5 pm feed/tooth when F/Fr> 1 (chip
cutting tool operating at 150,000 rpm with a diamond cutting tool: a formation), and d 5 pm feed/tooth when Fo/Fr < 1 (burr formation). The

10 um feed/tooth when F/Ft > 1 (chip formation), b 10 um feed/tooth arrows show the direction of movement of the thermal field
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Fig. 24 The change in the direction of the heating rate for a 4-pm radius Fr < 1 (burr formation), ¢ 2 um feed/tooth when Fc/Fr > 1 (chip
cutting tool operating at 150,000 rpm with a diamond cutting tool: a 4 um formation), and d 2 pum feed/tooth when Fo/Fr < 1 (burr formation).
feed/tooth when Fo/F> 1 (chip formation), b 4 um feed/tooth when F/ The arrows show the direction of movement of the thermal field
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Fig.25 The change in the direction of the heating rate for a 10-pum radius when F/Fr < 1 (burr formation), ¢ 5 pm feed/tooth when F/Fr> 1 (chip

cutting tool operating at 200,000 rpm with a diamond cutting tool: a formation), and d 5 pm feed/tooth when F/Fr < 1 (burr formation). The
10 um feed/tooth when F/Ft > 1 (chip formation), b 10 um feed/tooth arrows show the direction of movement of the thermal field
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Fig. 26 The change in the direction of the heating rate for a 4-pm radius when F/Fr <1 (burr formation), ¢ 2 pm feed/tooth when F/Fr> 1 (chip
cutting tool operating at 200,000 rpm with a diamond-coated cutting tool: formation), and d 2 wm feed/tooth when F/Fr < 1 (burr formation). The
a 4 um feed/tooth when F/Fr > 1 (chip formation), b 4 pm feed/tooth arrows show the direction of movement of the thermal field
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