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Abstract Diamond-coated cutting tools are known to ma-
chine complex materials with many benefits associated with
the generation of lower temperatures between contact sur-
faces. However, the complexity associated with machining
exotic materials at the micro-scale eludes many researchers
who study phenomena pertinent to the development of new
processes for novel micro-structured materials. The study in-
vestigated the use of a Lagrangian-Eulerian-formulated finite
element program to analyze chip formation and thermal ef-
fects when micro-machining Ti6Al4V titanium alloy used for
medical device applications. For the simulated machining
conditions described in this paper, chip formation occurred
when FC/FT >1 and burr formation occurred when FC/FT

<1. In addition to the force conditions, when the ratio of feed
per tooth to tool edge radius is approximately unity (ftooth/tr
∼1), the micro-machining process forms chips. When the ratio
is decreased to equal 0.5 (ftooth/tr = 0.5), chip formation and
burr formation exists simultaneously. However, when the ratio
approaches an approximate value of 0.3 (ftooth/tr ∼0.3), burr
formation is dominant. The study also provides an insight into
the thermal effects of micro-machining that shows how verti-
cal filament chemical vapor deposition (VFCVD)-coated tools
maintain the integrity of the surfaces of the material as a

function of simulated machining parameters. In conclusion,
the computational analysis is compared with practical micro-
machining results reported in the literature.
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Micro-machining

1 Introduction

Traditionally, micro-machining includes “bulk” micro-
machining processes that produce features inside a substrate
material, while “surface” micro-machining processes are pro-
duced by deposition and etching of different structural layers
on top of the substrate. In “mechanical” micro-machining, the
material removal process resembles macroscopic machining
processes such as drilling, milling, and turning. Micro-
machining encompasses micro-electro-mechanical systems
(MEMS), nanoelectro-mechanical systems (NEMS), micro-
systems technologies (MST), and processes related to the pro-
duction and packaging of micro-systems. Micro-machining by
precision processes such as three- dimensional micro-electro-
discharge machining (μ-EDM), micro-laser machining, micro-
cutting, and micro-grinding, can produce microscopic and
mesoscopic mechanical structures of complexity and in engi-
neering materials (other than silicon). Compared with precision
machining, micro-machining aims to produce feature sizes that
are typically 1 to 100 μm in size with sufficient tolerances to
achieve the required functionality and repeatability. The range of
machining accuracy between 0.01 μm (lower range of precision
machining) and 0.001 μm (1 nm) is termed as ultra-precision
machining. Figure 1 shows the capability of conventional micro-
machining in relation to other manufacturing processes such as
laser machining, EDM, grinding and the LiGA (photo-
lithography method using synchrotron radiation) process [1]. It
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is worth noting that micro-machining generates surface rough-
ness (Ra) values to the nanometer range (to almost 5 nm for
feature sizes to 1 μm). In contrast, for “normal machining pro-
cesses,” surface roughness values from 10 to 100 μm can be
achieved. Currently, the following areas of industry are showing
interest in micro-machining:

i. Medical and electronic industries are the most active in
this area, and in both cases, the goals are the same, which
is making smaller parts with more capabilities;

ii. Medical industry is under pressure to produce various
repair and pain-relief devices, which must be small
enough to embed into the human body. Micro-sized com-
ponents can lead to the progression of minimally invasive
techniques for orthopedic, cardiologic, and neurologic
applications;

iii. Aerospace industry is a large end user for fasteners, fit-
tings, sensors, and various flow-control devices; and

iv. Automotive industry. Many automotive features require
very small motors and actuators. From a construction
point of view, there is a trend to install complex micro-
scale fuel injection and flow-control elements. Some of
the most representative examples in this category are

micro-valves and fluidic graphite channels (circuits) for
fuel cell applications.

Companies involved in micro-manufacturing originally
came from three sources. First, a number of companies have
been successful in the micro-market for some time, such as
those involved with micro-turning using Swiss lathes. The
second source consisted of manufacturers who have modified
their equipment to meet the special needs of micro-
manufacturing. For example, many tool builders have gener-
ated lines of small tools for use on macro-machine tools. The
third source was created by entrepreneurs who, in the last few
years, introduced totally new products for the micro-market
such as desktop machine tools and robots. Of these three
sources, micro-milling has been developing rapidly to meet
demand [2].

Mechanical micro-milling is not generally applied for
micro-machining due to substantial difficulties in
obtaining the appropriate micro-tools. The comparison be-
tween capabilities of the micro-milling process and other
non-mechanical micro-machining processes is given in
Table 1.

(a) (b)

(c) (d)

Fig. 1 Diamond-coated micro-cutting tool prior to diamond deposition
showing: a cross-section of the tool showing cutting head, brazed section,
and shank; b EDX spectrum of brazed section showing iron and

chromium; c EDX spectrum of shank showing iron and chromium
elements; and d EDX spectrum of the cutting section of the tool
showing cobalt (Co ∼9.23 wt.%) and tungsten (W ∼90.77 wt.%)
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However, precision micro-milling has various features de-
pending on the tool shape and the kinematics. Themost complex
is three-dimensional micro-milling of cavities in miniaturized
molds, chemical micro-reactors, and micro-fluidic parts. Fly
milling is basically a method for producing grooves when they
are cut in different directions. It is particularly effective for pro-
ducing a large number of micro-column arrays. Single crystal
diamondwith a cutting edge radius of 50 nm is the preferred tool
material and geometry for conventional micro-cutting of non-
ferrous materials such as brass, aluminum, copper, and electro-
less nickel. This method allows one to produce V-shaped
grooves with high form accuracy without burrs and a surface
roughness, Rz ∼48 nm. Another example of the application for
micro-diamond machining are the machining of flow passages
for micro-compact heat exchangers, in which surface enhance-
ment is necessary to reduce boundary convection resistances.
Themachined channels are 100μm inwidth and 80μm in depth
(The material used is usually high conductivity copper foil of
125 μm thickness). Micro-diamond machining can also be used
to complement the lithography process. Tungsten carbide tools
with extremely small cutting edge radii can produce surface
roughness values lower than Rz ∼0.8 μm when micro-milling
steel miniatures [3].

The size of precision micro-cutting tools determines the
limit of the size and accuracy of micro-structured features.
Diamond tools are often used for ultra-precision machining
but are limited to machining non-ferrous materials.
Therefore, micro-tools such as micro-end mills and drills are
generally made from tungsten carbide bonded with cobalt
with grain sizes smaller than 600 nm. Micro-milling tools
can have a number of different, but simple cross-sectional
profiles. The first two profiles are used in D-shape and spade
micro-drills in which the cutting part is much shorter in length.
In addition, they have a flat front plane and the clearance angle
on the major cutting edges equals 0°. Some cross-sections
have regular polygonal forms and large negative rake angle,
usually between −45° and −60°. The side surfaces in micro-
drills can be shaped as concave surfaces which improve cut-
ting performance. It is reported that besides using micro-end

mills, slotting micro-mills with the minimum width of about
50μm are widely used in the micro-machining industry. Tools
with a diameter of 2 mm and a width of 30 μm are fabricated
from diamond-like carbon (DLC) layers using the CVD tech-
nique. Milling tools capable of generating features that are
25 μm in size are made by sculpting carbide and HSS blanks
using a focused ion beam. End mills made in this way can be
as small as 20μm in diameter and turning tools can be roughly
10 μm in width. These types of tools are used in the meso-
machining of miniature nuclear weapon components made of
aluminum, brass, and 4340 steel. When shaping tools with an
ion beam, it is difficult to generate the fluted, complex geom-
etry that is typical of a standard end mill. Instead, meso-
machining end mills have simple geometric cross-sections
where the cutting edges are obtained by intersecting two
planes without a helix angle. A typical depth of cut is 1 μm
when milling slots between 20 and 30 μm wide in the three
materials selected. Commercially available tungsten carbide
micro-end mills with helix flutes produced by grinding can
be as small as 50 μm in diameter [4].

For micro-machining applications, diamond micro-cutting
tools are typically tungsten carbide tools coated with a thin
film of diamond. A modified hot filament chemical vapor
deposition known as vertical filament chemical vapor deposi-
tion (VFCVD) system enables a micro-cutting tool substrate
to be negatively biased with respect to the filament prior to
diamond deposition. In the cases where the substrates are neg-
atively biased, prior to substrate biasing, the filament is pre-
carburized for 15 min under standard horizontal filament
chemical vapor deposition (HFCVD) conditions using a 3%
methane concentration to avoid tantalum contamination [5].
The HFCVD system can be divided into three main compo-
nents: the gas supply system; HFCVD process chamber; and
the pumping system. Firstly, the reactant gases, typically an
excess of H2, CH4, and, if required, Ar, are delivered to a pre-
mixing manifold via separate mass flow controllers before
being admitted to the process chamber. This arrangement,
allows the various hydrogen, methane, and argon rations to
be set independently for a total flow-rate of 200 sccm. A

Table 1 Listing of micro-machining techniques and their capabilities in comparison with standard high-speed milling (HSM)

Micro-machining capabilities

High-speed
milling

Sinker EDM Wire EDM X-ray lithography Ion beam machining

Minimum structure size
(μm)

50 5 to 10 15–20 – <0.1

Surface finish Ra (μm) 1 0.2 0.05 – 0.04 to 0.15

Radius (μm) 50 <10 ∼15 – 0.01

Aspect ratio 100–150 ∼20 100–150 100 10

Disadvantage Thermal fracture Slow removal
rates

Through-features
only

Learning curve for
moldmakers

Learning curve for
moldmakers

Int J Adv Manuf Technol (2017) 92:2881–2918 2883



water-cooled stainless steel reaction chamber houses a remov-
able substrate-filament assembly located in the plane of a
viewing glass window. Gas activation is achieved using a
single 0.5 mm diameter tantalum filament of 100 mm total
length, which is coiled and supported by stainless steel rods
leading to an isolated power source made of copper rod. This
ensures that maximum power dissipation is restricted to the
filament section of the complete heating circuit. The filament
is powered by a 2.5-kW DC power supply.

The substrate temperature is measured with an insulated
type-K thermocouple embedded in a substrate holder parallel
with the substrate. The substrate mounting and heating assem-
bly could be translated with respect to the filament within
0.1 mm, allowing both accurate and reproducible sample po-
sitioning. Pumping is achieved via a single-stage rotary pump,
which achieved a base pressure of 1 × 10−3 Torr measured
using a Pirani gauge located at the back of the chamber. The
total process pressure, typically of the order of 20 Torr
(2.66 kPa) is measured using a Bourdon pressure gauge.

To optimize the VFCVD process to grow high-quality dia-
mond films, the deposition conditions are carefully controlled.
The parameters influencing gas activation are the type of fila-
ment material (before and after carburisation), filament temper-
ature, and filament geometry, and also the filament-substrate
distance. Since all these factors influence the concentration of
activated species reaching the substrate surface, they must be
optimized. The initial deposition experiments were carried out
to characterize the VFCVD system and hence determining the
optimum conditions for diamond synthesis had been established.
Deposition conditions were modified along with the design and
process parameters to obtain polycrystalline diamond films sim-
ilar to those obtained in prior investigations [5].

In the HFCVD system, the mechanism of heat transfer is
the driving force in the chamber. In addition to radiation, con-
vection, and conduction, heat transfer is also achieved via
atomic hydrogen since the formation of atomic hydrogen at,
or near to, the filament surface is endothermic. Atomic hydro-
gen readily recombines on solid surfaces to form molecular
hydrogen with the recombination reaction being exothermic.
Thus, atomic hydrogen acts as a carrier of heat from the fila-
ment to the growth surface. Since the quality, morphology,
and defect density of diamond films are sensitive to tempera-
ture, a uniform substrate temperature is critical for the depo-
sition of diamond films with uniform properties. Therefore,
the heat transfer to the substrate and the resulting substrate
temperature distribution are important considerations in the
design of reactors for coating large areas and the deposition
of complex-shaped substrates [6].

1.1 Thin film deposition of micro-tools

Cobalt-cemented tungsten carbide (WC-Co) micro-tools,
30 mm in length including the cutting head (WC-Co), shaft

(Fe/Cr), and brazed section that is ∼1.00mm in diameter, were
used in this study. Prior to pre-treatment, the tools were ultra-
sonically cleaned in acetone for 10 min to remove any loose
residues present. Adhesion strength to diamond films is rela-
tively poor, and on cemented carbide surfaces can lead to
catastrophic failure of the coating during metal cutting. The
poor adhesion is related to the cobalt binder that is present to
increase the toughness of the tool, but it suppresses diamond
nucleation and causes deterioration of diamond film adhesion.
The following chemical etching procedure was used to re-
move the cobalt from the tool’s surface. The cutting tools were
ultrasonically cleaned in acetone for 10min in order to remove
loose residues from the surface. The first etching step uses
Murakami’s reagent ((10 g K3Fe(CN)6) + 10 g KOH +
100 ml water) to etch the surface and was carried out for
10 min in an ultrasonic bath followed by a rinse with distilled
water. The second step etching was performed using an acid
solution of hydrogen peroxide (3ml (96 wt.%) H2SO4 + 88ml
(30% w/v) (H2O2)) for 10 s to remove Co from the surface.
The substrates were then washed again with distilled water in
an ultrasonic bath.

When applying a negative bias to the substrate the nucle-
ation density, adhesion, and surface properties of the resulting
diamond film can be improved. The effects of various process
parameters such as bias time, emission current, bias voltage,
and the filament arrangement on the film properties have been
thoroughly investigated. Nucleation of diamond is an impor-
tant step in the growth of diamond thin films, because it
strongly influences diamond growth, film quality, and mor-
phology. Generally speaking, seeding or abrading with dia-
mond powder or immersing in diamond paste containing
small crystallites processed in an ultrasonic bath enhances
nucleation. One of the most promising in situ methods for
diamond nucleation enhancement is substrate biasing. In this
method, the substrate is biased negative during the initial stage
of deposition. Positive substrate biasing can also be applied
but is less commonly used [7].

The plasma generated during deposition consists of a non-
trivial atmosphere of positive and negative ions, radicals, and
neutrals. Negatively biasing the substrates causes positive ions
to be accelerated towards the substrate thus enhancing adhe-
sion of the growing diamond film. In addition, biasing is a
highly controlled and is a non-destructive way of creating
nucleation sites for the growth of diamond, while ion bom-
bardment moves atoms around the surface breaking clusters of
nucleated diamonds into a regulated thin solid film.

Negative bias voltages of ∼300 Vare applied to substrates
relative to the filament. This produces emission currents of
200 mA or less. The nucleation times are typically between
10 and 40 min, and the input gas mixture during bias-
enhanced nucleation (BEN) is typically a 3% CH4 gas in gas-
eous H2 at a pressure of 20 Torr (26.6 kPa). In the BEN
process, electrons are emitted from diamond-coated
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molybdenum substrate holders and accelerate towards the fil-
ament gaining energy from the surrounding electrical field.
These energetic electrons enable the ionization of hydrocar-
bon process gas mixtures.When the negative bias is applied to
the anode, the voltage is gradually increased until a stable
emission current is established and a luminous purple-
colored gas discharge, typical of hydrogen-rich atmospheres,
is formed in close proximity to the substrate [8].

1.2 Controlling structure and morphology

Deposition of high-quality adherent diamond to substrates
such as cemented carbide, stainless steel, and various metal
alloys containing transition elements present a considerable
challenge due to poor adhesion and low nucleation density.
Feed gases such as methane and hydrogen are commonly used
to grow diamond films of high quality. These films have been
found to be rough and brittle. For smooth, hard, and tough
films, a different solution is needed for a number of applica-
tions especially involving metal substrates where thin films
tend to delaminate due to thermally induced residual stresses.
For many applications, the films need to adhere strongly to the
surface and have the ability to plastically deform without frac-
turing. Hence, nanostructured diamond films with small dia-
mond grains from about 5 to 100 nm embedded in an amor-
phous carbon phase could be of significant value. Even
though these films have a hardness of ∼80% of natural dia-
mond, they are smoother and have higher fracture toughness
[9].

Nucleation of diamond is an important step in the growth of
diamond thin films, because it strongly influences the dia-
mond growth process, film quality, and morphology.
Generally, seeding or abrading with diamond powder or im-
mersing in diamond paste containing small crystallites proc-
essed in an ultrasonic bath enhances nucleation. The most
promising in situ method for diamond nucleation enhance-
ment is a negative substrate biasing during the initial stage
of deposition. Figure 2 shows the effects of enhancing dia-
mond deposition bu abrading and seeding the surface with
natural diamonds.

The substrate temperature has a profound effect the crystal
size and morphology of the diamond films. Using the vertical
arrangement the micro-cutting tools are placed concentrically
within the filament coils. With this configuration, the temper-
ature varies significantly from the middle to the ends of the
filament. This results in variable temperature at the substrate.
The structure and the morphology of diamond films are thus
affected quite significantly. An analysis of temperature distri-
bution along the coiled filament is required. Filament temper-
ature measurements are carried out using a two-color optical
pyrometer at various positions along the filament. The tem-
perature variation at various positions along the tool can be
used to calculate stress in the thin diamond film. Ager and

Drory [10] investigated residual biaxial stress in diamond
films grown on titanium alloys by Raman spectroscopy and
developed a general model, which quantitatively describes the
relations between singlet and doublet phonon scattering and
the biaxial stress, σ, as follows:

σ ¼ −0:567 vm−v0ð Þ ð1Þ

where v0 is 1332 cm
−1 and vs is the observed maximum of the

singlet phonon in the spectrum. For the tools used in this
paper, biaxial stresses along the cutting potion of the micro-
tool were calculated to be −3.4, −2.3, and −1.7 GPa in
compression.

This paper discusses the use of thin diamond coatings on
the performance of micro-cutting tool machining Ti6Al4V
alloy that are predominantly used for machining medical de-
vices and instruments. The paper describes a computational
analysis of machining parameters to show how using
diamond-coated micro-tools can reduce machining tempera-
ture and associated phenomena.

1.3 Burr formation using micro-tools

Burr formation causes dimensional distortions on the compo-
nent that presents a challenge to the assembly and handling in
sensitive locations on the workpiece and damages the subsur-
face of the material from the deformation associated due to the
exit of the cutting tool from the workpiece. It is estimated that
2–8% of the manufacturing costs for a major assembly com-
ponent in the automotive industry results from the removal of
burrs or prior changing of tools due to over-ridging.
Moreover, de-burring operations cost American companies
billions of dollars annually, and it is a production headache
that frequently causes bottlenecks in production and re-
finishing processes. In order to effectively address burr pre-
vention, the entire “process chain” from design to manufac-
ture must be considered to integrate all the elements affecting
burrs, from the part design, including material selection, to the
micro-machining process itself. When implementing burr-
minimized production or metal-cutting operations, two main
factors must be taken into account: firstly, the use of burr
minimizing tools and secondly, the implementation of opti-
mum process parameters [1].

There are three burr types produced in micro-drilling oper-
ations on stainless steel parts: small uniform exit burr with cap
(type I), large uniform (very thin) exit burr with cap (type II),
and crown burr (type III). In general, burr size depends on
several cutting conditions including cutting speed and feed
rate. It is confirmed well in the drilling burr control chart that
the type of burr produced and burr height depends on the feed
rate and the cutting (rotational) speed. For example, crown
burrs of 500 μm in height are produced for maximum values
of these both cutting parameters. Another approach to
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minimizing burr formation in micro-drilling operations in-
volves ultrasonic vibratory technique, which modifies materi-
al deformation/fracture conditions during the drilling process
[1–4].

Ball-style miniature brushes that are highly specialized
abrasive tools are used for specialized surface processing in-
cluding de-burring, edge-blending, plateau honing and
deglazing of critical metal surfaces. They contain small abra-
sive globules that are mounted to flexible filaments. Micro-
milling with tungsten carbide tools is a proven and effective
process for producing complex structures such as molds and
micro-fluidics that are characterized by high aspect ratios and
high geometrical complexity but typically rather moderate
demands on surface quality. But, in many other applications,
the surface quality is vital for the proper functionality of mi-
cro-components. For example, molds for micro-injection

molding process need surface roughness better than
Rz = 1 μm in order to guarantee removing the part from the
mold cavity. Some practical observations are collected when
the conventional milling process is downscaled to micro-
meter dimensions. In particular, the tendency is that the sur-
face quality is better for harder materials but the burrs occur
more frequently in the hardened state of steel components.
Moreover, the groove walls slope away in the hardened state
due to high residual stresses, which in turn, are released during
the cutting process. In case of producing micro-slots in an
Al6061-T6 aluminum alloy using micro-mills fabricated
using micro-EDM, severe deformation of the 5-μm thin wall
occurred causing the lack of flow within the micro-fluidic
system. This unacceptable result is explained by unexpected
vibration and/or lateral bending caused by cutting forces.
Another problem occurring in micro-milling of micro-thin-

(b)(a)

(d)(c)

Fig. 2 Diamond nucleation on the surface of a tungsten carbide micro-cutting tool showing a diamond structure at the cutting edge of the tool; b
magnified image of the crest of the cutting tooth; c flank face of the cutting tooth; and d individual diamond grain showing trigonal symmetry
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walled structures concerns undesirable burrs, which are usu-
ally produced in conventional milling processes. In general,
preventing or eliminating burrs is a very complex technolog-
ical task that needs integration of many activities such as care-
ful choice of tools, machining parameters, tool paths, or spe-
cial work materials and part designs. In fact, most burrs can be
prevented or minimized with the appropriate simulation of the
machining parameters before cutting takes place and using the
appropriate process controls after during cutting [1–4].

2 Computational analysis

As the cutting force/thrust force ratio changes, the stability of
the process also changes. The use of diamond tools to reduce
temperatures and to reduce cutting and thrust forces seem
attractive to micro-machining titanium alloys and other
difficult-to-machine materials. The minimum chip thickness
is a measure of how effective micro-tools are and has been
analyzed using methods including cutting force periodicity
[11], stress ratio derived from cutting and thrust forces [12],
transition from interfacial sliding tomicro-cutting [13], neutral
point analysis [14, 15], effects of surface roughness [16], re-
lationships between the friction coefficient, tool radius, and
minimum chip thickness [17], molecular dynamics’ simula-
tions [18] as well as traditional experimental approaches
[19]. Owing to the requirements of producing medical im-
plants 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 for-
mation and thermal effects in the micro-machining of
Ti6Al4V titanium alloy, which has direct effect on surface
quality and integrity.

In the finite element analysis (FEA), the material is rep-
resented using a continuum mechanics approach where the
chemistry of the machined layers and tools, crystal lattices,
and grain sizes are neglected and the material is considered
to be a continuum. The number of nodes are determined
arbitrarily and do not represent features of the material.
The mesh parameters are set up in such a way that they
determine the sensitivity of the material during the simula-
tion by using a finer mesh when small feeds or depths of
cut are used to capture features associated with machining
at the micro-scale. 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 commonly used. Eulerian FEA involves a workpiece
material which flows through the pre-set mesh fixed in

space. There is no element distortion using this method.
However, chip formation cannot be modeled and only
steady-state problems can be analyzed. Owing to the ad-
vantages and disadvantages of both methods, a combina-
tion of the two called arbitrary Lagrangian-Eulerian ap-
proach is more frequently used.

The model used in the computational analysis of chip
formation and thermal analysis at the micro-scale is a
three-dimensional Lagrangian-Eulerian-formulated finite
element model, which is an explicit dynamic model that
is thermo-mechanically coupled specifically used for
micro-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 defor-
mation simulates tool-workpiece interactions in addition to
transient thermal analyses. Finite deformation kinematics
and updated stress conditions have been formulated by
Third Wave Systems™ in their AdvantEdge™ FEA soft-
ware package that include balancing linear momentum and
calculating thermal conditions using the second law of
thermodynamics.

In order to use the finite element model to simulate the
conditions of micro-machining Ti6Al4V titanium alloy, an
appropriate material model is required to simulate micro-
machining conditions. For this reason, a custom power law
constitutive material model was used.

2.1 Constitutive material model

Third Wave Systems’ AdvantEdge™ FEA 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,

σ εp; ˙ε
:
; TÞ ¼ g εpð Þ*Γ ˙ε

: Þ*Θ Tð Þ
��

ð2Þ

where σ is the stress as function of strain hardening, strain rate
sensitivity and temperature, g(εp) accounts for strain harden-
ing, Г(έ) accounts for strain rate sensitivity, andΘ(T) 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:

g εpð Þ ¼ σ0 1þ εp

εp0

� �1
n

if εp < εpcut ð3Þ

g εpð Þ ¼ σ0 1þ εpcut
εp0

� �1
n

if εp≥εpcut ð4Þ

where σ0 the initial yield stress, εp is the plastic strain, ε0
p

is the reference plastic strain, εcut
p is the cut-off strain,
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and n is the strain hardening exponent. Thermal softening
parameters have been defined using the following
equations:

Θ Tð Þ ¼ c0 þ c1T þ c2T 2 þ c3T 3 þ c4T4 þ c5T5; if T

< T cut ð5Þ

Θ Tð Þ ¼ Θ T cutð Þ 1−
T−T cut

Tmelt−T cut

� �
; if T ≥T cut ð6Þ

where c0 to c5 are coefficients of the polynomial fit, T is the
temperature, Tm is the melting temperature, and Tcut is the
linear cutoff temperature. Strain-rate sensitivity is presented
as the dependence of the flow stress on strain defined using the
following equations:

Γ ε
:ð Þ ¼ 1þ ε

:

ε
:
0

� � 1
m1

; if ε
: ¼ ε

:
t ð7Þ

Γ ε
: ¼ 1þ ε

:

ε
:
0

� � 1
m2

1þ εt
:

ε
:
0

� � 1
m1
− 1
m2

� �
if ε

:
> ε

:
t ð8Þ

where έ is the strain rate, έ0 is the reference plastic strain rate, έt
is the strain rate of the transition between the high and low
strain sensitivity, and m1 and m2 are the low and high strain-
rate sensitivity indices, respectively.

The damage model is expressed using the equation:

D ¼ ∑
i

Δεpi
εpfi

ð9Þ

where D is the dimensionless cumulative damage, Δεt
p

is the instantaneous increment of strain, and εpfi is the
instantaneous strain to failure. Constants applied in the
power law constitutive material model are presented in
Table 2.

The numerical values shown in Table 2 reflect the works of
research [20–26] conducted to capture the properties of simu-
lating 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 interpretations of
the computational data presented in this paper. Subsequent
analyses are focused on using the finite element modeling
technique to analyze chip formation mechanisms and ensure
that the correct chip formation regime is selected that will
improve surface quality and integrity of the machined sur-
faces. The associated thermal analyses are also computed that
provide an understanding of where heat is generated and how
it is dissipated during machining. The analysis also shows the
reader when burr formation is dominating flow rather than the
formation of cut chips. In relation to chip formation, the FE
analysis shows how process parameters are selected in order
to avoid burr formations.

3 Finite element results

3.1 Chip formation and machining forces

Initial studies in the area of modeling of the micro-machining
process established the use of FEA for simulating the micro-
milling process in the down-cut milling regime [11, 16]. The
geometry of the end view of the cutting edge of the micro-
milling tool looks similar to the adjacent view of a standard
lathe cutting tool, the difference 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, each tooth cuts a piece of
the workpiece material, but the FEA model simulates the
cutting associated with one tooth in contact with the work-
piece material. The validity of simulating the cutting of ma-
terial using one tooth is shown in Fig. 3. The six-tooth micro-
milling cutter shows the chip flow direction in addition to the
local geometry of one tooth (Fig. 3a, 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™ Finite Element Analysis soft-
ware using the down-cut milling regime. The simulations
presented in this paper consider on edge of one tooth of the
milling cutter (Fig. 3c) and the path of material flow shown in
the simulations is a replica of the material flow shown in
Fig. 3d, where the flow of the chip is abruptly re-directed
due to the tooth’s contact between the workpiece material
and the tool edge radius. The applicability of the use of the
FEA modeling technique has been verified by various re-
searchers detailed in the reference section of this paper
[11–16]. A conventional force analysis was compared with
computational finite element models of the micro-machining
process, and the accuracy of using such analysis was validat-
ed with various materials, tool materials and coatings, and
machining parameters. In terms of forces, radial (dFr) and
tangential forces (dFt) for an elemental chip at the micro-
scale are:

dFr ¼ KtR
tan α

Krtc θð Þdθ ð10Þ

dFt ¼ KtR
tan α

tcθ dθ ð11Þ

where Kt is the average cutting pressure constant, Kr is the
ratio of the radial and tangential cutting force, R is the radius
of the cutting tool, α is the helix angle, θ is the angular posi-
tion of the cutter, and tc is the instantaneous uncut chip thick-
ness given as:

tc ¼ txsinθ−
N
2πR

t2xsinθcosθþ
1

2R
t2xcos

2t ð12Þ
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where tx is the feed and N is the spindle speed in revolutions
per minute. Resolving the forces into horizontal (dFx) and
vertical (dFy) directions yields:

dFx ¼ Ktr
tanα

tc θð Þ cosθdθþ Krsinθdθð Þ ð13Þ

dFy ¼ KtR
tanα

tc θð Þ sinθdθ−Krcosθdθð Þ ð14Þ

Integrating Eqs. 13 and 14 and finding the forces in the
directions give:

Fx

Fy

� �
¼ txR

2 tanα
P1 P2

P2 −P1

� �
Kt

KtKr

� �
ð15Þ

where

P1 ¼ sin2θþ N
πR

tx
cos3θ
3

þ tx
R

sinθ−
sin3θ
3

� �� �
θ2
θ1

ð16Þ

P2 ¼ θ−
sin2θ
2

−
N
πR

sin3θ
3

−
tx
R
cos3θ
3

� �
θ2
θ1

ð17Þ

where Kr and Kt are constants that are material specific. From
their analyses, refs. [11, 16] report that their finite element
formulations of cutting forces maintained close accuracy to
the closed-form solutions of forces shown by Eq. 15. Their
work validated the use of finite element formulations to the
solution of forces in micro-machining with milling cutters.

Table 2 Constants applied to the power law constitutive material model

Parameter Designation Value Reference

Thermal conductivity (W/(m/°C)) k 7.3 [20]

Heat capacity (J/(kg/°C)) C 580 [20]

Coefficient of thermal expansion (1/°C) α 0.970 × 10−5 [21]

Density (kg/m3) ρ 4430 [21]

Initial yield stress (Pa) σ0 0.98 × 109 [20]

Strain hardening exponent n 30.9 Calculated

Reference plastic strain
εp0

0.0125 [22]

Cut-off strain
εpcut

104 [22]

Coefficient C0 999.72 Calculated

Coefficient C1 −0.8785 Calculated

Coefficient C2 −0.0141 Calculated

Coefficient C3 9E−0.5 Calculated

Coefficient C4 −2E−0.7 Calculated

Coefficient C5 1E−10 Calculated

Reference temperature (°C) Tr 27 Arbitrary

Cutoff temperature (°C) Tcut 1000 [23]

Low-rate exponent m1 72 Calculated

High-rate exponent m2 72 Calculated

Reference strain rate (1/s) έ0 1 [24]

Threshold strain rate (1/s) έt 106 [25]

Young’s modulus (Pa) Ey 1.1E11 [20]

Poisson’s ratio Pr 0.41 [20]

Coefficient D0 11.292 Calculated

Coefficient D1 −0.0114 Calculated

Coefficient D2 4E−0.5 Calculated

Coefficient D3 −5E−08 Calculated

Coefficient D4 −2E−10 Calculated

Coefficient D5 4E−13 Calculated

Damage cutoff temperature (°C) Tc 500 [26]

Failure strain increment
εpfi

0.1 Arbitrary
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The machining parameters simulated in the study in-
clude variable rotational cutting speeds, variable
feed/tooth, variable tool edge radii, and variable tool ma-
terials. Rotational speeds used in the simulations are
100,000, 150,000, and 200,000 rpm, respectively. The tool
edge radius values used are 10 and 4 μm, respectively. The
feed/tooth values used for the 10-μm tool edge radius are
10, 5, and 3.125 μm, while for the 4-μm tool edge radius,
the values are 4, 2, and 1.25 μm, respectively. The tool
material used for the simulations is a tungsten carbide
cemented with cobalt and coated with diamond using the
VFCVD technique. The cutting tool has six equi-spaced
cutting teeth (Fig. 3), the rake angle of the edge of each
tooth being 5° and a relief angle of 10°. The workpiece
material used for the simulations was a Ti6Al4V medical-
grade alloy (α + β-type alloy) with the following mechan-
ical properties: tensile strength (895–930 MPa), yield
strength (825–869 MPa), elongation % (6–10%), and elas-
tic modulus of 110–114 GPa. α + β Ti alloys include alloys

with enough α- and β-stabilizers to expand the α + β phase
field to exist at room temperature.

FEA analysis of the micro-machining process is shown
in Figs. 4, 5, 6, 7, 8, 9, 10, 11, and 12 and Tables 3, 4, 5, 6,
7, and 8. When analyzing the results obtained for chip
formation and temperature as shown in Figs. 4, 5, 6, 7,
and 8, it is noted that there is a change in the chip shape
as the ratio of feed per tooth (depth of cut) and tool edge
radius (ftooth/tr) changes. Furthermore, as the uncut chip
thickness is decreased the bending moment acting at the
root of the chip changes the direction of the cut chip. For a
ratio of feed per tooth and tool edge radius ∼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 (ftooth/tr = 0.5), the bending moment is
absent and the chip moves vertically in an upward direc-
tion. As the ratio of the feed per tooth/tool edge radius is
further decreased to ∼0.3 (ftooth/tr ∼0.3), an opposite bend-
ing moment bends the chip towards the cutting tool. These

(b)(a)

(d)(c)

Chip Flow
Direc�on

Chip Flow
Direc�on

Tool Edge
Radius

Tool Edge
Radius

Fig. 3 Six-tooth micro-milling
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,
c 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]
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results are similar to those produced using uncoated cutting
tools. The change in the feed per tooth/ tool edge radius

ratio (ftooth/tr) also produces a change in the ratio of max-
imum cutting/thrust forces (FC/FT). As the chip thickness

(a) 

(b) 

(c) 

Fig. 4 Contour comparison for
10 μm tool edge radius cutting
tooth machining at a 10, b 5, and
c 3.125 μm feed per tooth using a
VFCVD diamond-coated cutting
tool. The spindle speed is
100,000 rpm, and the maximum
temperature in cutting the chip is
∼25.5, 31, and 24.5 °C,
respectively
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(a) 

(b) 

(c) 

Fig. 5 Contour comparison for
4 μm tool edge radius cutting
tooth machining at a 4, b 2, and c
1.25 μm feed per tooth using a
VFCVD diamond-coated cutting
tool. The spindle speed is
100,000 rpm, and the maximum
temperature in cutting the chip is
∼24.5, 26.5, and 34 °C,
respectively
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(a)

(b)

(c)

Fig. 6 Contour comparison for
10 μm tool edge radius cutting
tooth machining at a 10, b 5, and
c 3.125 μm feed per tooth using a
VFCVD diamond-coated cutting
tool. The spindle speed is
150,000 rpm, and the maximum
temperature in cutting the chip is
∼26.5, 31, and 26.5 °C,
respectively
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(a)

(b)

(c)

Fig. 7 Contour comparison for 4μm tool edge radius cutting toothmachining at a 4,b 2, and c 1.25μm feed per tooth using aVFCVDdiamond-coated cutting
tool. The spindle speed is 150,000 rpm, and the maximum temperature in cutting the chip is ∼24.5, 29.5, and 29 °C, respectively

2894 Int J Adv Manuf Technol (2017) 92:2881–2918



(a)

(b)

(c)

Fig. 8 Contour comparison for 10 μm tool edge radius cutting tooth machining at a 10, b 5, and c 3.125 μm feed per tooth using a VFCVD diamond-
coated cutting tool. The spindle speed is 200,000 rpm, and the maximum temperature in cutting the chip is ∼39, 31, and 42 °C, respectively
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(a)

(b)

(c)

Fig. 9 Contour comparison for
4 μm tool edge radius cutting
tooth machining at a 4, b 2, and c
1.25 μm feed per tooth using a
VFCVD diamond-coated cutting
tool. The spindle speed is
200,000 rpm, and the maximum
temperature in cutting the chip is
∼24.5, 31, and 24 °C, respectively
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is decreased in the “down-cut milling” process, the cutting/
thrust force ratio changes and is presented in Figs. 9, 10,
11, and 12. The transition from FC/FT <1 (burr formation)
to FC/FT >1 (chip formation) defines a transition from
burr-to-chip formation and is further characterized in
Tables 3, 4, 5, 6, 7, and 8 using rations, FC/FT and ftooth/
tr, for the simulations presented in this study using
diamond-coated cutting tools.

The change in the ratio of cutting and thrust forces has been
confirmed by other researchers [27] showing that during
micro-machining processes, force components of plowing
and sliding increase with the decrease in uncut chip thickness,
which leads to a change in the force distribution. As opposed
to macro-milling processes where the thrust force reaches a
maximum level of ∼30% of the maximum cutting force, the
radius of the edge of the tool approaches the size of the uncut
chip thickness in micro-milling 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 [27].

3.2 Cutting and thrust forces

3.2.1 Spindle speeds

When analyzing the effect of the spindle speed on cutting and
thrust forces when machining Ti6Al4V titanium alloy at the
macro-scale, 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 [28]. The rise in the
thrust force with the increase in rotational speed is attributed to
the adherence of the chip to the cutting tool caused by an
increase in thermal energy [29]. The degree of adherence is
considered to increase with the increase in speed due to the

FC/FT = 1

FC/FT < 1

FC/FT > 1

FT 

FC 

Burr Formation

Chip Formation

(a)

(b)Burr Formation

Chip 

Formation

FT 

FC 

FC/FT > 1

FC/FT < 1

Fig. 10 Cutting and thrust forces
for a 10 μm tool edge radius,
5μm feed rotating at 100,000 rpm
spindle speed using a VFCVD
diamond-coated tool and b 4 μm
tool edge radius, 4 μm feed
rotating at 100,000 rpm spindle
speed using a VFCVD diamond-
coated cutting tool. The figures
show the transition from burr-to-
chip formation and the associated
magnitude of force ratio
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increase in temperature, eventually resulting in the increase in
thrust force. Robinson [30] revealed that temperatures in
micro-machining commonly used engineering materials are
very low, and when micro-machining 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
that the chips generated during micro-machining 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. 13 and 14. For the VFCVD diamond-coated tools,
the forces are relatively stable at the three magnitudes of cut-
ting feeds. For diamond-coated tools, the cutting forces are
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.

3.2.2 Cutting feed per tooth

The influence of the feed per tooth when micro-machining
Ti6Al4V titanium alloy is significant. The point at which the
forces are equal is used to define the stability of the process
and the recommended parameters in terms of feed per tooth,
tool diameter and spindle speed [30]. It is shown (Figs. 15 and
16) that both cutting and thrust forces increase with the in-
crease in the feed/tooth. The transition point defines three
stages of machining: (A) burr formation, (B) mixed mode
region, and (C) chip formation. There is a strong similarity
when the results are compared with the results of Kim and

(a)

(b)

FT 

FC

Chip Formation

Chip Formation

Burr Formation

Burr Formation

FC/FT > 1

FC/FT > 1

FC/FT = 1

FC/FT = 1

FC/FT < 1

FC/FT < 1

FT 

FC

Fig. 11 Cutting and thrust forces
for a 10 μm tool edge radius,
5μm feed rotating at 150,000 rpm
spindle speed using a VFCVD
diamond-coated tool and b 4 μm
tool edge radius, 4 μm feed
rotating at 150,000 rpm spindle
speed using a VFCVD diamond-
coated cutting tool. The figures
show the transition from burr-to-
chip formation and the associated
magnitude of force ratio
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Kim [31] who had differentiated micro- and macro-cutting
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 macro-machining, the clearance face which is a con-
sequence of the contact of the workpiece, and the tool clear-
ance face due to the elastic spring back of the workpiece
material and the round edge of the tool [31].

3.3 Variation in heating rate

When the change in heating rate at the point where
FC = FT is analyzed, there is a transition of forces from
burr formation to chip formation. When FC/FT <1, burr
formation is predominant and when FC/FT >1, the chip
formation is prevalent. Figures 17, 18, 19, 20, 21, 22,
23, 24, 25, 26, 27, and 28 show that there is a drastic
difference in the shape and position of the diffusion of

heat around the primary shear zone. The heating rate
changes direction when there is a change from burr for-
mation 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
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 concentrated
in one area with no distinctive dissipation path identified.
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 is covers a larger area below the tool as well

FT 

FC

(a)

(b)

Chip Formation

Chip Formation

FC/FT = 1

Burr Formation

Burr Formation

FC/FT < 1

FC/FT > 1

FC/FT > 1

FC/FT < 1

FC/FT = 1

FT 

FC

Fig. 12 Cutting and thrust forces
for a 10 μm tool edge radius,
5μm feed rotating at 200,000 rpm
spindle speed using a VFCVD
diamond-coated tool and b 4 μm
tool edge radius, 4 μm feed
rotating at 200,000 rpm spindle
speed using a VFCVD diamond-
coated cutting tool. The figures
show the transition from burr-to-
chip formation and the associated
magnitude of force ratio
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Table 3 Effect of the feed per tooth/tool edge radius ratio (ftooth/tr) on chip and non-chip (burr) formation with the associated force condition (VFCVD
diamond-coated tool)

Simulation

condition

Chip formation simulation (plastic strain) Feed per 

tooth /tool 

edge ratio, 

(ftooth/tr)

Cutting force 

condition, FC

and FT

10µm tool edge 

radius, 10 µm 

feed/tooth and 

100,000 rpm 

spindle speed 

using a 

VFCVD 

diamond coated 

tool.

1 FC > FT

10 µm tool 

edge radius, 5

µm feed/tooth 

and 100,000

rpm spindle 

speed using a 

VFCVD 

diamond coated 

tool.

0.5 FC = FT

10 µm tool 

edge radius, 

3.125 µm 

feed/tooth and 

100,000 rpm 

spindle speed 

using a 

VFCVD 

diamond coated 

tool.

~0.3 FC < FT

Simulation conditions include 10 μm tool edge radius, 10, 5, and 3.125 μm feed/tooth, and 100,000 rpm spindle speed using a VFCVD diamond-coated tool
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Table 4 Effect of the feed per tooth/tool edge radius ratio (ftooth/tr) on chip and non-chip (burr) formation with the associated force condition (VFCVD
diamond-coated tool)

Simulation 

condition

Chip formation simulation

(plastic strain)

Feed per 

tooth /tool 

edge ratio, 

(ftooth/tr)

Cutting force 

condition, FC

and FT

4µm tool edge 

radius, 4 µm 

feed/tooth and 

100,000 rpm 

spindle speed 

using a 

VFCVD 

diamond coated 

tool.

1 FC > FT

4 µm tool edge 

radius, 2 µm 

feed/tooth and 

100,000 rpm 

spindle speed 

using a 

VFCVD 

diamond coated 

tool.

0.5 FC = FT

4 µm tool edge 

radius, 1.25 µm 

feed/tooth and 

100,000 rpm 

spindle speed 

using a 

VFCVD 

diamond coated 

tool.

~0.3 FC < FT

Simulation conditions include 4 μm tool edge radius, 4, 2, and 1.25μm feed/tooth, and 100,000 rpm spindle speed using a VFCVD diamond-coated tool
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Table 5 Effect of the feed per tooth/tool edge radius ratio (ftooth/tr) on chip and non-chip (burr) formation with the associated force condition (VFCVD
diamond-coated tool)

Simulation 

condition

Chip formation simulation

(plastic strain)

Feed per 

tooth /tool 

edge ratio, 

(ftooth/tr)

Cutting force 

condition, FC

and FT

10µm tool edge 

radius, 10 µm

feed/tooth and 

150,000 rpm 

spindle speed 

using a 

VFCVD 

diamond coated 

tool.

1 FC > FT

10 µm tool 

edge radius, 5 

µm feed/tooth 

and 150,000 

rpm spindle 

speed using a 

VFCVD 

diamond coated 

tool.

0.5 FC = FT

10 µm tool 

edge radius, 

3.125 µm

feed/tooth and 

150,000 rpm 

spindle speed 

using a 

VFCVD 

diamond coated 

tool.

~0.3 FC < FT

Simulation conditions include 10 μm tool edge radius, 10, 5, and 3.125 μm feed/tooth, and 150,000 rpm spindle speed using a VFCVD diamond-coated tool
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Table 6 Effect of the feed per tooth/tool edge radius ratio (ftooth/tr) on chip and non-chip (burr) formation with the associated force condition (VFCVD
diamond-coated tool)

Simulation 

condition

Chip formation simulation

(plastic strain)

Feed per 

tooth /tool 

edge ratio, 

(ftooth/tr)

Cutting force 

condition, FC

and FT

4µm tool edge 

radius, 4 µm 

feed/tooth and 

150,000 rpm 

spindle speed 

using a 

VFCVD 

diamond coated 

tool.

1 FC > FT

4 µm tool edge 

radius, 2 µm 

feed/tooth and 

150,000 rpm 

spindle speed 

using a 

VFCVD 

diamond coated 

tool.

0.5 FC = FT

4 µm tool edge 

radius, 1.25 µm 

feed/tooth and 

150,000 rpm 

spindle speed 

using a 

VFCVD 

diamond coated 

tool.

~0.3 FC < FT

Simulation conditions include 4 μm tool edge radius, 4, 2, and 1.25μm feed/tooth, and 150,000 rpm spindle speed using a VFCVD diamond-coated tool
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Table 7 Effect of the feed per tooth/tool edge radius ratio (ftooth/tr) on chip and non-chip (burr) formation with the associated force condition (VFCVD
diamond-coated tool)

Simulation 

condition

Chip formation simulation

(plastic strain)

Feed per 

tooth /tool 

edge ratio, 

(ftooth/tr)

Cutting force 

condition, FC

and FT

10µm tool edge 

radius, 10 µm 

feed/tooth and 

200,000 rpm 

spindle speed 

using a 

VFCVD 

diamond coated 

tool.

1 FC > FT

10 µm tool 

edge radius, 5 

µm feed/tooth 

and 200,000 

rpm spindle 

speed using a 

VFCVD 

diamond coated 

tool.

0.5 FC = FT

10 µm tool 

edge radius, 

3.125 µm 

feed/tooth and 

200,000 rpm 

spindle speed 

using a 

VFCVD 

diamond coated 

tool.

~0.3 FC < FT

Simulation conditions include 10 μm tool edge radius, 10, 5, and 3.125 μm feed/tooth, and 200,000 rpm spindle speed using a VFCVD diamond-coated tool
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Table 8 Effect of the feed per tooth/tool edge radius ratio (ftooth/tr) on chip and non-chip (burr) formation with the associated force condition (VFCVD
diamond-coated tool)

Simulation 

condition

Chip formation simulation

(plastic strain)

Feed per 

tooth /tool 

edge ratio, 

(ftooth/tr)

Cutting force 

condition, FC

and FT

4µm tool edge 

radius, 4 µm

feed/tooth and 

200,000 rpm 

spindle speed 

using a 

VFCVD 

diamond coated 

tool.

1 FC > FT

4 µm tool edge 

radius, 2 µm 

feed/tooth and 

200,000 rpm 

spindle speed 

using a 

VFCVD 

diamond coated 

tool.

0.5 FC = FT

4 µm tool edge 

radius, 1.25 µm

feed/tooth and 

200,000 rpm 

spindle speed 

using a 

VFCVD 

diamond coated 

tool.

~0.3 FC < FT

Simulation conditions include 4 μm tool edge radius, 4, 2, and 1.25μm feed/tooth, and 200,000 rpm spindle speed using a VFCVD diamond-coated tool
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Fig. 13 Computed cutting and thrust forces as a function of spindle speed for a 10 μm edge radius cutting tool (tungsten carbide and VFCVD diamond
cutting tool materials). Cutting feeds are a 10, b 5, and c 3.125 μm feed/tooth

2906 Int J Adv Manuf Technol (2017) 92:2881–2918

Fig. 14 Computed cutting and thrust forces as a function of spindle speed for a 4-μm edge radius cutting tool (tungsten carbide and VFCVD diamond
cutting tool materials). Cutting feeds are a 4, b 2, and (c) 1.25 μm feed/tooth



as below the chip root into the bulk of the work material.
This change in the position of the heat rate field is ex-
pected to occur and is in accordance with the phenomena
associated with the burr-to-chip transition [30].

4 Discussion

4.1 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 micro-machining AISI 4340 steel using carbide

tools using an arbitrary Lagrangian-Eulerian method [32].
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 [32]. Li and Shi [33] 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
trend for tool temperature is observed with the increase in tool
edge radius. Figures 4, 5, 6, 7, 8, and 9 show similar trends.
When the tool nose radius is increased from 4 μm to 10 μm,
the temperature at the tool tip is slightly elevated (Figs. 10, 11,

Fig. 15 Force versus feed/tooth for a 10-μm tool edge radius cutting tool at various spindle speeds and cutting tool material. a FC/FT <1 (burr
formation), b FC/FT = 1, and c FC/FT >1 (chip formation)
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and 12). Also noted is the slight increase in cutting force when
the edge radius is increased. These observations are in agree-
ment with the observations of similar finite element models
[30, 32–33]. The change in the ratio of cutting and thrust
forces has been confirmed by Kang et al. [27] showing that
during the micro-machining process, force components ac-
counting for plowing and sliding increase with the decrease
in uncut chip thickness, which leads to a change in the ratio of
force distribution. When the radius of the edge of the tool
approaches the size of the uncut chip thickness in micro-
milling process, the thrust force (FT) becomes higher in mag-
nitude than the cutting force (FC). Consequently, a change in
the ratio of thrust-to-cutting force occurs because a transition
from cutting to plowing occurs [27].

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 micro-machining various
materials. A finite element analysis has been presented for
both conventional and high speed machining of Ti6Al4V al-
loys incorporating the Johnson-Cook and the power law
models [30, 34]. The researchers investigated chip formation
and morphology and compared it with experimentally gener-
ated chips. The computational predictions were almost identi-
cal 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 with the production of chips during micro-machin-
ing. The verification of applying FEA principles to chip for-
mation and morphology is validated by prior investigations
[30, 34]. In the present work, by observing Figs. 4, 5, 6, 7,
8, and 9, it is obvious that there is a change in the chip shape as
the ratio of feed per tooth and tool edge radius (ftooth/tr) chang-
es in magnitude. Furthermore, as the uncut chip thickness is
decreased the bending moment acting on the chip root chang-
es the direction of the cut chip. For a ratio of feed per tooth/
tool edge radius that is close to unity (ftooth/tr ∼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 de-
creased to 0.5 (ftooth/tr = 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 (ftooth/tr ∼0.3), an opposing bending mo-
ment bends the chip towards the cutting tool. The same obser-
vations were made in previous investigations [26, 28–29].
Obikawa and Usui [35] have focused their research on
implementing a crack growth criterion into finite element
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 [36–43]. The choice
of the model will clearly make a difference when interpreting

the chip morphology results and comparing them with the
experimentally obtained shapes. The chip curl radius can be
observed 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 mate-
rial model used in the simulations. The temperature distribu-
tion is also considered 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 work-
piece material differ significantly [36].

The change in the feed per tooth/ tool edge radius ratio
(ftooth/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. 9, 10, 11, and 12.
The transition from FC/FT <1 (burr formation) to FC/FT >1
(chip formation) defines a transition from burr-to-chip forma-
tion and is further characterized in Tables 3, 4, 5, 6, 7, and 8
using rations, FC/FT and ftooth/tr, for the simulations presented
in this study. In practice, a recent paper by Aslantas [44] has
shown that nanocrystalline-coated micro-tools do not improve
tool life significantly, but do minimize or eliminate the gener-
ation of burrs. However, tool life was improved using AlCrN-
coated micro-tools.

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 surface qual-
ity, it is advised that the feed per tooth should be a 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.

4.2 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
[29]. With the increase in temperature, adherence of the chip
to the tool is actively 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, Robinson [30] showed that tempera-
tures in micro-machining commonly used engineering mate-
rials are very low, and when micro-machining Ti6Al4V tita-
nium alloy products, the maximum machining temperature
stabilizes between 25 and 68 °C (using cemented carbide tools
(uncoated)) depending upon the machining parameters.
Therefore, an absence of sustained heat flow at high
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temperatures allows one to predict that the chips generated
during micro-machining 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 stabil-
ity in computed magnitudes of forces with the consequent
change in the rotational speed is shown in Figs. 13 and 14.
For the VFCVD diamond-coated tools, the forces are relative-
ly 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. This observation was also noted
when micro-milling AISI 1020 and 4140 steels [30] who val-
idated the use of using FEA for analyzing forces and effects on
chip formation and shape.

The influence of the feed per tooth when micro-machining
Ti6Al4V titanium alloy is significant in terms cutting and
thrust forces. The point at which the forces are equal is used
to define the stability of the process and the recommended
parameters in terms of feed per tooth, tool diameter and spin-
dle speed. It is shown in Figs. 15 and 16 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 [31] who had based their research on the differentiation
of micro- and macro-cutting 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 [30, 31].

4.3 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. [37] 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 with flank face of the
tool [38]. The fact that the tool temperature increases with the
increase in cutting speed was confirmed [37] 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
micro-machining [39]. The researchers chose oxygen free

copper as the workpiece material while the tool was a dia-
mond cutter. It was presented that the highest temperature
occurred within the shear plane at it reaches 562 °C even
though the depth of cut is only 2 μm. They determined that
if the effect of the temperature is ignored the values obtained
for the flow stress are doubled when compared with the ex-
perimental one resulting in forces considerably higher than
those measured. Cao et al. [40] concluded in their research
findings that the maximum cutting temperature depends great-
ly 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 in not only on the magnitude of the temperature gener-
ated during machining, but on the temperature field distribu-
tion and direction as well. For VFCVD diamond-coated cut-
ting tools, it was noted that the temperatures generated at the
tool-workpiece contact zone at the micro-scale were comput-
ed to range from ∼24.5 to 42 °C.

In the present work, when the change in heating rate at the
point whereFC = FT is analyzed (mixedmode cutting/sliding),
there is a transition of forces from FC/FT <1 to FC/FT >1.
When FC/FT <1, burr formation is predominant and when
FC/FT >1, the chip formation is prevalent. It can be seen from
Figs. 17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27, and 28 that
there is a 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 show-
ing 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 concentrated in one area with no
distinctive dissipation path identified. When 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 is 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 [30]. The phenomenon appears to be
in accordance with Cao [40] and other researchers
[41–43]. In terms of surface quality, it is advised 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 FC/FT

should be greater than unity (FC/FT >1) and the ration of
feed per tooth to tool edge radius should be approximately
unity, i.e. ftooth/tr ∼1 [43].
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5 Conclusions

It has been determined that when micro-machining Ti6Al4V
titanium, that when the magnitude of the cutting force is
higher than the thrust force (FC/FT >1), chip formation occurs
and that chip curl is caused by the bending moment which acts
at the root of the chip. When the cutting and thrust forces are
equal in magnitude (FC = FT), the bending moment dimin-
ishes, 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 (FC/FT <1), chip
formation ceases and burr formation is promoted. Work ma-
terial 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 transition

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 direction 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 (ftooth/tr ∼1), the process forms chips.
When the ratio is decreased to equal 0.5 (ftooth/tr = 0.5), chip
formation and burr formation exists simultaneously. However,
when the ratio approaches an approximate value of 0.3 (ftooth/tr
∼0.3), burr formation is dominant. This information is consid-
ered extremely important when determining the minimum size
of the features produced by the micro-milling process. Also,

Fig. 16 Force versus feed/tooth for a 4-μm tool edge radius cutting tool at various spindle speeds and cutting tool material. a FC/FT <1 (burr formation),
b FC/FT = 1, and c FC/FT >1 (chip formation)
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(b)(a)

(d)(c)

Fig. 17 The change in the direction of the heating rate for a 10-μm radius
cutting tool operating at 100,000 rpm with a VFCVD diamond-coated
tool: a 10 μm feed/tooth when FC/FT >1 (chip formation), b 10 μm
feed/tooth when FC/FT <1 (burr formation), c 5 μm feed/tooth when

FC/FT >1 (chip formation), and d 5 μm feed/tooth when FC/FT <1 (burr
formation). The arrows show the direction of movement of the thermal
field

(b)(a)

(c) (d)

Fig. 18 The change in the direction of the heating rate for a 4-μm radius
cutting tool operating at 100,000 rpm with a VFCVD diamond-coated
tool: a 4 μm feed/tooth when FC/FT >1 (chip formation), b 4 μm
feed/tooth when FC/FT <1 (burr formation), c 2 μm feed/tooth when

FC/FT >1 (chip formation), and d 2 μm feed/tooth when FC/FT <1 (burr
formation). The arrows show the direction of movement of the thermal
field
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(b)(a)

(d)(c)

Fig. 19 The change in the direction of the heating rate for a 10-μm radius
cutting tool operating at 150,000 rpm with a VFCVD diamond-coated
tool: a 10 μm feed/tooth when FC/FT >1 (chip formation), b 10 μm
feed/tooth when FC/FT <1 (burr formation), c 5 μm feed/tooth when

FC/FT >1 (chip formation), and d 5 μm feed/tooth when FC/FT <1 (burr
formation). The arrows show the direction of movement of the thermal
field

(b)(a)

(d)(c)

Fig. 20 The change in the direction of the heating rate for a 4-μm radius
cutting tool operating at 150,000 rpm with a VFCVD diamond-coated
tool: a 4 μm feed/tooth when FC/FT >1 (chip formation), b 4 μm
feed/tooth when FC/FT <1 (burr formation), c 2 μm feed/tooth when

FC/FT >1 (chip formation), and d 2 μm feed/tooth when FC/FT <1 (burr
formation). The arrows show the direction of movement of the thermal
field
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(b)(a)

(d)(c)

Fig. 21 The change in the direction of the heating rate for a 10-μm radius
cutting tool operating at 200,000 rpm with a VFCVD diamond-coated
tool: a 10 μm feed/tooth when FC/FT >1 (chip formation), b 10 μm
feed/tooth when FC/FT <1 (burr formation), c 5 μm feed/tooth when

FC/FT >1 (chip formation), and d 5 μm feed/tooth when FC/FT <1 (burr
formation). The arrows show the direction of movement of the thermal
field

(d)(c)

(b)(a)

Fig. 22 The change in the direction of the heating rate for a 4-μm radius
cutting tool operating at 200,000 rpm with a VFCVD diamond-coated
tool: a 4 μm feed/tooth when FC/FT >1 (chip formation), b 4 μm
feed/tooth when FC/FT <1 (burr formation), c 2 μm feed/tooth when

FC/FT >1 (chip formation), and d 2 μm feed/tooth when FC/FT <1 (burr
formation). The arrows show the direction of movement of the thermal
field
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(b)(a)

(d)(c)

Fig. 23 The change in the direction of the heating rate for a 10-μm radius
cutting tool operating at 100,000 rpm with a VFCVD diamond cutting
tool: a 10 μm feed/tooth when FC/FT >1 (chip formation), b 10 μm

feed/tooth when FC/FT <1 (burr formation), c 5 μm feed/tooth when
FC/FT >1 (chip formation), and d 5 μm feed/tooth when FC/FT <1 (burr
formation)

(b)(a)

(d)(c)

Fig. 24 The change in the direction of the heating rate for a 4-μm radius
cutting tool operating at 100,000 rpm with a VFCVD diamond cutting
tool: a 4 μm feed/tooth when FC/FT >1 (chip formation), b 4 μm
feed/tooth when FC/FT <1 (burr formation), c 2 μm feed/tooth when

FC/FT >1 (chip formation), and d 2 μm feed/tooth when FC/FT <1 (burr
formation). The arrows show the direction of movement of the thermal
field
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(b)(a)

(d)(c)

Fig. 25 The change in the direction of the heating rate for a 10-μm radius
cutting tool operating at 150,000 rpm with a VFCVD diamond cutting
tool: a 10 μm feed/tooth when FC/FT >1 (chip formation), b 10 μm
feed/tooth when FC/FT <1 (burr formation), c 5 μm feed/tooth when

FC/FT >1 (chip formation), and d 5 μm feed/tooth when FC/FT <1 (burr
formation). The arrows show the direction of movement of the thermal
field

(b)(a)

(d)(c)

Fig. 26 The change in the direction of the heating rate for a 4-μm radius
cutting tool operating at 150,000 rpm with a VFCVD diamond cutting
tool: a 4 μm feed/tooth when FC/FT >1 (chip formation), b 4 μm
feed/tooth when FC/FT <1 (burr formation), c 2 μm feed/tooth when

FC/FT >1 (chip formation), and d 2 μm feed/tooth when FC/FT <1 (burr
formation). The arrows show the direction of movement of the thermal
field
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(b)(a)

(d)(c)

Fig. 27 The change in the direction of the heating rate for a 10-μm radius
cutting tool operating at 200,000 rpm with a VFCVD diamond cutting
tool: a 10 μm feed/tooth when FC/FT >1 (chip formation), b 10 μm
feed/tooth when FC/FT <1 (burr formation), c 5 μm feed/tooth when

FC/FT >1 (chip formation), and d 5 μm feed/tooth when FC/FT <1 (burr
formation). The arrows show the direction of movement of the thermal
field

(b)(a)

(d)(c)

Fig. 28 The change in the direction of the heating rate for a 4-μm radius
cutting tool operating at 200,000 rpm with a VFCVD diamond-coated
cutting tool: a 4 μm feed/tooth when FC/FT >1 (chip formation), b 4 μm
feed/tooth when FC/FT <1 (burr formation), c 2 μm feed/tooth when FC/

FT >1 (chip formation), and d 2 μm feed/tooth when FC/FT <1 (burr
formation). The arrows show the direction of movement of the thermal
field
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as the tool edge radius decreases in magnitude, the position of
maximum shear strain moves from the chip to the surface of
the workpiece material. The study has shown which parame-
ters cause the formation of burrs when the relevant rations are
incorrectly chosen.

Finally it has been determined that the rotational speed
has a different influence at the micro-scale than it does at
the macro-scale. Chip formation is defined by the adher-
ence of the chip to the cutting tool due to the high temper-
atures generated in the macro-machining of the Ti6Al4V
titanium alloy (thermal effects are clearly very important at
the macro-scale). The lack of chip adherence and low tem-
peratures generated at the tool-workpiece contact zone at
the micro-scale (∼24.5 to 42 °C for VFCVD diamond-
coated tools) implies that a different mechanism of chip
formation is operating at the micro-scale and that the
mechanism is clearly dependent on kinematic and kinetic
effects rather than thermal effects, as observed by other
research works on the FEA of micro-machining processes
[30, 32–43].
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