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Protocol for Tool Wear Measurement in Micro-milling

L. Alhade�, M.B. Marshall, D.T. Curtis, T. Slatter

Abstract

Micro-milling yields small accurate parts quickly for electromechanical, aerospace, and medical applications.
Due to their small size, micro-tools wear quickly and unpredictably therefore tool wear is di�cult to measure
and is poorly understood, leading to excessive tool changes and reduced productivity. This paper, therefore,
proposes a new protocol for micro-tool wear measurement to overcome these problems. A strict set of criteria
as found in an ISO standard is impractical for micro-milling research. The method herein allows compar-
isons to be made across materials and situations and detailed are certain criteria that must be ful�lled to
achieve this. To evaluate the protocol micro-tools were used to machine three materials: brass, titanium
and Hastelloy; and wear curves produced. Using the described protocol, these wear curves can be analysed
similarly to those for larger tools. Pro�le analysis of the slots machined provides valuable information about
tool wear where direct measurement is impossible. This new protocol presents a novel method for analysing
and reporting tool wear for micro-end-mills, allowing them to be compared under di�erent machining con-
ditions and/or milling di�erent materials, something not a�orded by existing machining standards. The
information can then be transferred to industrial applications, extending tool life and improving process
e�ciency.

Nomenclature

xcomp Total sliding distance
cinc Number of incomplete circles

ccomp Number of complete circles
nrev Number of revolutions
Dcap Engaged tool diameter

xi Sliding distance for incomplete circle
fcut Cutting frequency

n Spindle speed
Zc Number of teeth
Fc Cutting force
t Cutting time

fz Feed rate
Vc Cutting speed
Fc Cutting Force
Ff Feed Force
Fn Normal Force

Table 1: Nomenclature used in this paper

1. Introduction

With increasing miniaturisation of engineered de-
vices, micro-milling has emerged as one of the most
popular processes for manufacturing small compo-
nents because it is capable of rapidly producing

high integrity parts [1]. It is widely used in the
medical and aerospace sectors, and in �elds where
miniaturised machine elements are commonplace
such as watchmaking; optics and electronics; and
micro-mould manufacturing [2]. Some of these ar-
eas only require softer materials such as copper and
brass alloys to be machined. However, the med-
ical and aerospace industries make use of materi-
als such as titanium and high-performance superal-
loys. These are typically di�cult-to-machine using
macro-scale tools, but present further complexity
in micro-milling as burring and crystal irregulari-
ties lead to fracture of the tools. Wear studies of
micro tools are essential since it is very important
to achieve a high-quality surface �nish in many of
these industries, either for aesthetic purposes or be-
cause the function of the components is impaired
where surface �nish is poor (such as where compo-
nents have moving parts). Furthermore, worn tools
cause increased burring [3, 4] which causes dramatic
increases in cutting forces [5]. It is also very di�-
cult to remove burrs from micro components using
conventional methods [6]. The development of tool
wear curves for di�erent micro-milling situations
enables the prediction of tool life, thus allowing the
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tool to be used for the maximum possible length of
time while maintaining a good surface �nish. This
maximises productivity and minimises costs. His-
torically, studies on micro tool wear have plotted
tool wear against cutting distance or cutting time.
Measurement of cutting distance moved by the tool
relative to the workpiece or cutting time (i.e. when
the tool is engaged) does not consider the di�erent
feed rates and speeds used for di�erent materials,
cannot be used to compare tool life of micro-tools
between materials. As a result, the sliding distance
for each tooth is used to measure tool wear against
(as formally described in Section 3 of this paper).
Furthermore, micro tool wear studies are inconsis-
tent across the literature reviewed since di�erent
metrics are used to measure the wear of the tool:
edge radius, �ank wear and tool radius reduction
being the most popular. To better standardise mi-
cro tool wear studies and understand the wear of
micro tools, a protocol for measuring micro tools
has been speci�ed herein. The aim of the work pre-
sented here is therefore to propose a protocol for
the measurement the wear of tools used in micro-
milling that overcomes the issues of using existing
methods that were primarily developed for macro-
scale tools.

2. Background and State-of-the-Art

2.1. Micro-Milling

Micro-machining can be de�ned as the use of me-
chanical tools which have geometrically de�ned cut-
ting edges to manufacture features which have di-
mensions in the order of micrometers (1 × 10−6

−

999× 10−6m) [7]. Micro-milling can be considered
a subsection of micro-machining and, as with all
micro-machining, produces very di�erent results to
conventional milling. There are several reasons for
this [8], the �rst being that, relatively speaking,
tools can appear blunt from the point of view of
the workpiece material. If the depth of cut is much
smaller than the cutting-edge radius, the tool is
likely to rub along the surface of the workpiece and
burnish it, rather than cutting it. Another prob-
lem is that due to their diameter, even �ne-grained
micro-milling cutters generally have low sti�ness
and poor resistance to fracture and so it can be
di�cult to study them for extended periods of time
as the tools can fracture before signi�cant wear has
taken place (and even become lost). Finally, al-
though on a macro-scale a polycrystalline structure

appears homogeneous, at the micro-scale grain sizes
are relatively large when compared to the size of
the tool and thus machining forces can be hugely
variable. These e�ects combine to create an e�ect
known as the size e�ect. This is de�ned as �the phe-
nomenon whereby the reduction of the undeformed
chip thickness to levels below the cutting edge ra-
dius, or grain size of the workpiece material begins
to in�uence workpiece material deformation mech-
anisms, chip formation and �ow� [9], that is to say
that conventional macro-mechanics cannot be used
to describe the system as simply reducing the scale
does not produce a representative model.

2.2. Wear & Wear Measurement of Micro-Milling

Tools

Typically, tool wear studies in milling follow the
protocols laid out in standards such as ISO8688-
1 and ISO8688-2 [10, 11]. These determine what
parameters, materials and sizes of cut should be
used and are generally used as benchmarking tests
for the quality of tools. However, for micro-milling
the ISO standards are not appropriate and thus
adapted tests must be carried out [12]. There are
some components which can be applied from the
ISO standards. One such component is the termi-
nology used to describe tool wear: this is useful as
the wear of micro-tools can then be compared with
that of macro tools.
These ISO standards also identify critical wear

(i.e. the maximum acceptable wear of the tool).
This is the point at which tool wear starts to in-
crease rapidly towards the end of the tool life.
The wear of micro-tools is often much more

poorly-described than that for macro-tools, and
tool wear curves described using measurements of
cutting edge radius and tool diameter do not typ-
ically yield traditional wear curves. Bahrudin et
al. investigated �ank wear behaviour of micro-
milling tools of 0.5-1.5mm for titanium and H13
tool steel using a scanning electron microscope
(SEM) against cutting time. Although they were
able to produce wear curves for some of the tools
investigated, this was not consistent across the en-
tire range of tools and wear was only measured for
one tooth of each tool. Since even a very small run-
out has a very signi�cant e�ect on tooth engage-
ment for micro-tools, it is important to consider
the wear on both teeth. They observed that sur-
face �nish was inconsistent over cutting time and
inferred that this indicated an inconsistency in cut-
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ting forces. They did not, however, measure the
cutting forces directly.
Based on the issues with machining on a micro-

scale especially regarding wear and fracture of tools,
numerous studies have been carried out to investi-
gate the e�ects of di�erent parameters on micro tool
wear. Increased cutting velocity increases tool wear
[13] which is similar to conventional machining [14].
Moderate feed rates typically result in more stable
forces which reduces tool wear (as opposed to very
low or high feed rates), but only provided that they
are not high enough to cause fracture [15]. Since
the edge radius of micro-tools is comparable with
the grain size of materials that are being machined,
microstructure is important and materials with a
higher elasticity result in more ploughing (rather
than shearing) [16].
Chip formation di�ers from the conventional

case: for a small feed per tooth, a chip is not seen
with each pass of the tooth [8, 17], and instead bur-
nishing or rubbing occurs. Premature tool failure
is a common problem in micro-machining and this
presents di�culties when measuring wear: whereas
in conventional machining the tool fails as cutting
edges break, with micro-tools the entire shaft often
fractures [18] a result of excessive stress induced by
the particular usage of the tool (for example, dulled
or damaged cutting edges which cause forces to be
higher than expected).
It is useful to consider cutting forces to better un-

derstand the point at which critical wear starts to
take place. Particularly, total cutting force varia-
tion (magnitude) as the tool wears has not yet been
considered in terms of tool wear studies. This is im-
portant because a high force magnitude indicates
excessive vibrations which lead to an increased rate
of tool wear. The �rst stages of the work carried
out herein (described in Section 2.2) investigated
the cutting forces as the tool wore, since in macro
machining it is expected that cutting forces increase
as tool wear increases [19].
To date, the most detailed curve produced using

micro-tools used the surface �nish of tools as a wear
metric, citing that micro-tool wear is too di�cult to
measure [20]. The problem with this metric is that
surface roughness is dependent on the sharpness of
the tool, and whether rubbing or burnishing occurs.
This means that if edge fractures occur at certain
stages, or material builds up on the tool, the wear
mechanisms taking place (e.g. degree of rubbing or
shearing) can change. Thus, surface �nish cannot
be equated to tool wear.

Ucun et al. observed that the cutting edge radius
does not give an adequate measure of tool wear, as
over the lifetime of the micro-tool a new cutting
edge is gradually formed, so that although cutting
edge radius initially increases with tool radius de-
crease, it later decreases again [21]. They measured
the diameter reduction for various tools under vari-
ous cutting conditions but did not plot wear curves.
The same method was used to measure tool wear
on-line using a variety of sensors by Malekian et al.
where similarly edge radius failed to describe the
primary locations of wear for the tool, although it
was a useful metric in terms of whether shearing
or elastic deformation of the material occurs [22].
Measuring edge radius often shows increased wear
with cutting distance but does not show similarities
to conventional tool wear curves.
Flank wear, another possible metric for quantify-

ing tool wear, was usef by Aramcharoen et al. but
as the primary aim of the study was to evaluate
di�erent coatings[23] , no wear curve was produced
and thus the usefulness of this measure in producing
wear curves could not be assessed. Flank wear was
also used as a measure of wear by Ding et al., along
with edge radius, for micro-mills of 0.1mm in di-
ameter, but no clear wear curve was seen (although
wear clearly increased with cutting time) [24, 25],
perhaps due to the extremely small size of the tools
and a limited number of measurements. Elkaseer et
al. modelled the e�ects of steel microstructure on
tool wear but did not investigate the evolution of
wear for the tools [16].
A more e�cient approach was investigated by

Filiz et al. whereby a reduction of channel width as
a measurement of cutting edge radius[15] was used
to investigate machinability of copper, which did
not require the tools to be removed for measure-
ment during machining. This is similar to measur-
ing tool radius and does not give information about
individual teeth or uneven tooth wear. However, a
similar process is applicable to micro-milling, in the
sense that channel pro�le can give an idea of tool
wear and, providing an appropriate level of data is
held relating tool wear to channel pro�le, can allow
tools to be measured without removing them from
the machine.

2.2.1. A Need for a Common Method

It has been noted by a number of authors that
there is, compared with macro-milling, no estab-
lished protocol for measurement of tools. This leads
to a lack of existing data to compare studies with
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which slows down the process of applying tools in an
inndustrial context [26]. As previously described,
�ank wear and diameter are often used, but not
always[27]. Wang et al. investigated cutting per-
formance of cermet and coated WC end-mills in the
machining of TC4 alloy, with tool wear being one of
the metrics to assess the process [28]. They stated
that because �in micro-milling, there are no uni-
�ed methods to appraise tool wear�, width of micro-
grooves was used as a measure of tool wear. This is
clearly incomparable with measurement of the ac-
tual tool, and such a study could not be related
to one that measures the �ank and diameter of the
tool. Clearly, the only way to achieve uni�cation of
these studies and compare them or combine them
to bene�t industry, is to de�ne a standard protocol.

2.3. Preliminary Study

Initial trials were carried out on Brass (CuZn37),
which plotted tool wear against cutting distance for
AlTiN coated carbide tools. The results (Figure 1)
showed that tool wear can be measured successfully
using a SEM.

Figure 1: Wear of 0.5mm micro-end-mills cutting CuZn38.
The wear is given in terms of total reduction in diameter.

The wear for the four tools can be examined in
terms of zones. Initially, in Zone I (up to a cutting
distance of 300mm), very little wear was observed,
and it is likely that this is the distance at which the
AlTiN coating was removed. The coating, which is
widely-used in high-performance applications such
as micro-milling[29], and survived well before this
point because brass is a very soft, easy-to-machine
material [15] that is well-suited to AlTiN coatings
[30]. After this point, the tool wear shows the char-
acteristic wear curve typically seen for macro-tools

[31]. This is not often seen in previous micro-mill
wear studies due to under-sampling of the tool wear
or inadequate measuring techniques. In Zone II,
rapid wear of the tools was seen as the cutting edge
was initially blunted from a very sharp point. Dur-
ing section III a relatively slow, steady increase in
wear was seen. Finally, Zone IV showed an increase
in wear as the tools became severely worn. Fracture
of tools occurred in this stage (with the exception
of one tool, which broke in Zone III). Using a SEM
with the tool in the two orientations shown in Fig-
ure 2, it is possible to measure the tool wear using
the protocol detailed in Section 3 (where the ter-
minology used relates to the ISO standards). In
reality, often more than one type of wear is seen
(see Figure 3). It is important to note that these
two angles are the minimum requirement to identify
all the wear types described.

Figure 2: The two orientations in which tools were measured

Figure 3: An example of multiple types of wear occurring -
here, VB and KT2 can be seen in purple, while CH and KT1
are seen in red, and VB is seen in blue.

The preliminary study and the di�culties en-
countered when measuring micro tool wear us-
ing only outside diameter highlighted the need to
achieve a standardised protocol that would provide
more information than simply current tool radius.

3. Development of Protocol

3.1. Purpose

In the light of the lack of work on standardising
tool wear studies for micro-milling, it was decided
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that a protocol for measuring tools should be es-
tablished to aid future studies of the wear progres-
sion and underlying mechanisms in micro-milling
in both conventional engineering materials such as
steel, and in aerospace metals (such as titanium
and nickel alloys). It is clear both from prelimi-
nary experimentation by the authors and a review
of literature that the wear of micro tools can be
directly observed using optical methods (SEM) to
give a classical tool wear curve. However, aside
from inconsistencies between studies and the need
for standardisation if comparison between studies
is to take place, there are some serious problems
with methods such as measurement of tool radius,
not least the fact that it does not consider uneven
wear of the teeth: for example, were catastrophic
wear to take place on one tooth while the other
tooth remained unworn, the measurement would be
the same as if the two teeth were worn moderately
(see Figure 3). As a result of the preliminary work
described in Section 2.3, it was established that a
more precise measurement method for the wear of
micro-tools is required to be developed and tested,
with the intention that machining parameters and
materials to cut should be �exible, but standard
reporting methods should be used to allow compar-
ison between studies.
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Type of Wear Code Description Image - Side View
Flank Wear VB1 Describes uniform �ank wear Figure 4a
Face Wear KT1 Face wear occuring only on tool face Figure 4c

KT2 Face wear intersecting �ank wear Figure 4d
Outside Edge Wear OE Outside edge wear seen - no chipping Figure 4b

Chipping CH Breaking away of parts of the cutting edge Figure 4e
Catastrophic Failure CF Failure of cutting part - for example, loss of

tooth
Figure 4f

Table 2: Types of wear: classi�cation.

(a) Flank Wear (b) Outside Edge Wear (c) Face Wear, Flank Wear and Chipping

(d) Face Wear Intersecting Outside Edge
Wear

(e) Chipping (f) Catastrophic Failure

Figure 4: Types of Wear - graphical representation.
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3.2. De�nitions

Certain parameters must be de�ned when mea-
suring wear on micro-end mills; including cutting
edge radius, tool radius, and surface �nish of work-
piece, and similarly a qualitative indication of the
wear mechanism(s). Cutting edge radius is de�ned
as the radius seen on the cutting edge of the tool
rake face. The tool radius is de�ned as half of the
working diameter of the tool (for a 0.5mm end mill,
this is 0.25mm). The surface �nish of the work-
piece is de�ned as the measured Ra value and the
surface texture as the measured Sa value. Types of
tool wear are based on ISO8688 [11] and adapted
for small tools. These are categorised (Table 2) as
Flank Wear (VB), Face Wear (KT), Outside Edge
Wear (OE) Chipping (CH) and Catastrophic Fail-
ure (CF). By measuring tools in relation to these
types of wear, direct comparison between studies
can be made.

3.3. Materials: using Sliding Distance as a measure

of Distance Cut

In the literature reviewed in Section 2, tool wear
for micro-tools has been expressed in literature in
terms cutting distance or material removal rate.
While this method is useful for describing the use-
ful life of a tool in a given material, it is very hard
to compare wear of tools between materials because
the di�erence in cutting feed and speed results in
dramatically di�erent sliding distances for di�erent
materials. The sliding distance of the teeth was
calculated using

xcomp = πDcapccomp +

Cinc
∑

1

xi (1)

where cinc is the number of incomplete circles, cal-

culated by cinc =
(

Dcap

s
−Dcap mod 1

)

, ccomp

is the number of complete circles, calculated by
ccomp = nrev − cinc, Dcap is engaged tool diam-

eter, and
∑Cinc

1 xi is the sum of the sliding dis-
tances for all the incomplete circles (Figure 5). This
method is more useful in a tribological sense, but
also allows tool wear for di�erent materials to be
compared even in the face of di�erent cutting con-
ditions. The value of xcomp was calculated using a

Matlab program which established
∑Cinc

1 xi.

Figure 5: Path taken by milling cutter with tool starting and
�nishing clear of the work piece.

Use of sliding distance allows a more consistent
metric to measure tool wear against than cutting
distance or cutting time, as the amount of work car-
ried out on the tool depends on spindle speed and
feed rate. Conversion factors can be used to relate
these sliding distances to either cutting distance or
number of cuts given a known spindle speed and
feed rate, allowing tool wear to be predicted under
di�ering conditions.

3.4. Tool and Workpiece Preparation

Tools should be inspected before wear testing
takes place to ensure minimum quality standards
are met. For uncoated tools, an as received edge ra-
dius of <0.1µm can reasonably be expected, while
for coated tools it may be up to 0.2 µm. Grain size
of the workpiece must be considered in terms of tool
size, and these taken into account. No speci�ca-
tion is given, but when comparing workpieces, the
grain direction should be the same for each work-
piece, and care should be taken where grain sizes
are in the order of 0.1D, where D is tool diameter,
to ensure that workpiece grain sizes do not di�er
by more than 0.02D. In addition, the following cri-
teria regarding depth of cut [32] and unit removal
[33] should be met. Unit Removal is de�ned by
Taniguchi to be the amount of material removed
per cut, having any of one, two or three dimensions
[34]. These two criteria combine such that:

� edge radius < depth of cut and

� edge radius < unit removal Ö 10

All workpieces should be faced o� to ensure �at-
ness perpendicular to the tool and �xed to the ma-
chine bed such that the surface is normal to the
z-axis. Typically, �ood or mist lubricant should be
used to control machining temperatures, where the
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pressure of this on the workpiece is monitored us-
ing a micro dynamometer or 3-component force link
and taken into account when considering machining
forces. Coolant method should be consistent across
comparative studies.

3.5. Measurement of Tool

The micro tools should be measured both prior
to testing and during testing. The basic equipment
required for testing is as follows:

� Scanning electron microscope with both scat-
tered and backscattered electron functionality.

� Optical pro�lometer (e.g. focus variation or
white light interferometer).

� Ultrasound bath.

� Acetone.

� A compressed air source.

� A force cell for measuring lubricant pressure on
workpiece.

During cutting, cutting forces should be mea-
sured to determine lubricant pressure as well as
cutting forces. Tools should be removed at a
pre-determined interval for measurement using an
SEM. Before measuring using SEM, tools should be
cleaned using acetone in an ultrasound bath and
then dried using compressed air. Tools should be
measured in two orientations, as shown in Figure
2 and it is possible to measure the tool wear using
the protocol detailed in Table 2 (where the termi-
nology used relates to the ISO standards). Often
more than one type of wear is seen (see Figure 3).
It is important to note that these two angles are
the minimum requirement to identify all the wear
types de�ned in the table. All wear measurements
are expressed in terms of μm.

3.6. Measurement of Slot Pro�les

The machined slots may be measured using one
of two methods: either an image of the cross-section
of the material should be taken, as in Figure 1; or a
pro�lometer can be used to measure the slot pro�les
(Figure 2). If the latter is used, it is important to
ensure that de-burring takes place as this will give
inaccurate results. The de-burring must be carried
out carefully and in such a way that there will be
no further wear of the slots.

Figure 6: Image of cross section

Once measured, slot pro�les can be described as
seen in Figure 3, where WBT and DT are the theo-
retical width and depth of slot respectively, andWB

and DA are the base width and actual depth. The
depth of the slot may be a less reliable method of
measuring �ank wear than the width for measuring
rake face wear, if the workpiece has not been faced
o� to a suitable �atness.

Figure 8: Slot pro�le measurement parameters

3.7. Criteria for Tool Life

Worn tools should be measured according to Sec-
tion 3.5. Face wear of 0.2D should not be exceeded
as this is considered catastrophic failure of the tool.
For the purpose of wear measurement, measure-
ment of face wear up to 0.2D will provide data into
Zone III of the tool which exceeds practical use and
allows the tool life criterion to be established.

3.8. Test Procedure

For wear testing, slots should be machined to a
depth as speci�ed in the data provided by the tool-
ing supplier or manufacturer. The slot should begin
outside the workpiece and run in the y-direction of
cut.

3.8.1. Machine Tool Requirements

The machine tool should be a specialist micro-
machining centre capable of reaching spindle speeds
of 50,000 rpm or higher.

3.8.2. Measurement of Forces

In micro-milling applications, very small run-out
leads to signi�cant errors in engagement of teeth
and uneven tooth wear. It is therefore always use-
ful to examine the force signature for each tooth
engagement to establish whether tooth engagement
is equal.
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Figure 7: Cross-section measured using pro�lometer

As the forces measured in micro-milling are very
small, it is useful to analyse forces using two di�er-
ent methods: measurement of the average cutting
force and measurement of the amplitude of cut-
ting force. The former is used to give a general
picture of the cutting forces in the feed direction
(denoted by Y in Figure 9), and simply averages
(mean) the value of the signal over the speci�ed
cutting time. The latter is slightly more complex
because it considers the range of the cutting forces
experienced over the speci�ed time. To do this ac-
curately, the di�erence in engagement of the teeth
must be accounted for by plotting the second term
of the Fourier Transform. First the second fourier
coe�cient, a2 must be calculated as shown in Equa-
tion 2, where fcut is the cutting frequency which is
found by fcut =

n
60×Zc where n is the spindle speed

in rev/min and Zc is number of cutting teeth.

a2 =
2

x

x
∑

m=1

[

Fce
(−i·2πft·t)

]

(2)

Fc is the cutting force, t is the cutting time and
x is the number of data points. Using the second
coe�cient, the real part of the second Fourier term
can then be plotted against time, using Equation 3.

f(x) = Re
[

a2e
(i·2πft·t)

]

(3)

Figure 9: Forces exerted on the micro end mill.

3.9. Reporting of Results

Where tool wear evolution is plotted, wear should
be reported in absolute terms relative to the orig-
inal size of the tool (i.e. in µm). Sliding distance
should be used for the x-axis, with a second axis be-
ing used as a conversion factor to cutting distance
where required. An example of this is given in Fig-
ure 10. Tool wear should be identi�ed as being in
one of three zones:
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I. Rapid initial wear

II. Steady state wear

III. Rapid wear before failure

The tool-life criterion can then be identi�ed as the
intersection between phases II and III.

Figure 10: An example of the way in which results should
be reported

4. Validation Tests

4.1. Materials and Methods

Once an acceptable wear testing protocol had
been established, machining trials were designed to
test the pertinence and consistency of the method.
Three mechanically very di�erent matierials were
used: brass (CuZn37), titanium grade 2 and Hastel-
loy (a nickel-molybdenum alloy containing zinc).
Using three structurally disparate materials meant
that a variety of wear mechanisms could be ob-
served, representing a wide variety of industries.
Tools were set up and measured as described in
Sections 3.4-3.8. The trials took place on a KERN
Evo micro-milling machine with a maximum spin-
dle speed of 50,000 RPM. The tools used were com-
mercially available 0.5mm AlTiN coated tungsten
carbide end mills (SGS SER M2SM 0.5x3x0.8x38).
Straight slots of 25mm in length were milled to
a depth of 0.2mm. The workpiece and tool were
�ooded continuously throughout the cutting pro-
cess using synthetic Hocut 768. The following ma-
chining parameters were used:

Titanium grade 2 Hastelloy C276

Spindle
speed (rpm)

25205 6786

Feed
(m/min)

69 11

Fz (mm) 0.00136 0.00080
Radial depth
of cut (mm)

0.5 0.5

Axial depth
of cut (mm)

0.2 0.2

Sliding
distance per
25mm length

14.06 23.75

Table 3: Parameters used in machining.

The di�erent cutting speeds and feed rates used
for each material can be accounted for through
the use of sliding distance as the independent vari-
able in reporting the results. The workpiece was
mounted onto a 3-component force link (Kistler
9317C) (Figure 11) capable of measuring cutting
forces in three dimensions (x, y, z) aligned with the
major axes of the cutting process. This was con-
nected to a National Instruments data acquisition
system (DAQ) and. Kistler software was used to
analyse the recorded data. After each cut was com-
pleted, the tools were imaged (by SEM) to measure
the wear.
Results of this work were then used both to inves-

tigate the wear of the tools with a view to extending
their useful life, and to con�rm the testing protocol
described.

4.2. Results - Observed S-Curves for Hastelloy, Ti-

tanium and Brass

4.2.1. Hastelloy

Figure 12 shows a tool wear curve for rake face
wear due to cutting of Hastelloy C-276. Unfortu-
nately, sampling rate in terms of measuring wear is
less than desirable (wear measurement took place
every 21.84m) and future studies were designed to
measure the wear after a shorter sliding distance.
For one of the teeth (where tooth number has no
physical meaning), the following stages of wear can
be seen: I. An initial rapid wear as the tool is run-in
(this is shown in the yellow portion of the graph).
II. Steady state wear (green). III. Rapid wear be-
fore tool failure (red). Occasionally, a region with
apparently zero gradient is seen at the end of tool
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Figure 11: Schematic of the force measurement setup.

life, where wear has exceeded the length of the cut-
ting edge: that is to say, the tool is no longer cut-
ting e�ectively. At this point, rubbing and shaft
failure occurs. The other tooth shows no apparent
adherence to these stages, due to the initial state
of the tool: this tooth was already rounded. This
reinforces the need to initial inspection of tools to
ensure they have met a minimum standard.

Figure 12: Tool wear curve measured for face wear of tool
used to machine Hastelloy C-276.

The tool wear for one tooth was higher than that
for the other. To understand this, the force sig-
nature of the tool was examined as seen in Figure
13. It can clearly be seen that one tooth has expe-
rienced more engagement than the other, and thus
the cutting forces experienced are higher. There are
two possible reasons for this: the �rst is that the ini-
tial wear on the second tooth is greater (and indeed
this was veri�ed by looking at images of the tool be-
fore cutting took place), and the second is that tool
run-out causes uneven engagement of teeth. It is
known that the machine spindle has some run out

from existing service data. This has been reported
as being highly signi�cant in micro-machining, in
general, where the tools are smaller [32, 35] and this
type of behaviour is typically seen in micro-milling,
to the extent that sometimes only one tooth is en-
gaged [36].

Figure 13: The force signature for the tool used to machine
Hastelloy C-276.

The outside cutting edge data (Figure 14) showed
little, if any, closeness to a traditional wear curve,
resulting from the combined e�ects of too few mea-
surement points for this tool, and the inherent
volatility that is seen when measuring very small
tools.
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Figure 14: Tool wear curve measured for outside edge wear
of tool used to machine Hastelloy C-276.

Flank wear (Figure 15) reveals a much more con-
sistent result than face or outside edge wear and
appears to lag behind face wear in terms of the
wear stage. Here, initial quality of the tool is less
signi�cant since the �ank face is set back from the
leading edge of the tool, and both teeth show the
�rst two stages of the classic wear curve.

Figure 15: Tool wear curve measured for outside edge wear
of tool used to machine Hastelloy C-276.

4.2.2. Titanium

For the tools used to cut titanium, the rake face
wear curve (Figure 16) shows a typical s-curve up
to approximately 130μm. Wear is steady between
approximately 35μm and 90μm, after which it ac-
celerates rapidly - thus the tool life criterion, de-
�ned as the point at which the tool begins to wear
rapidly[12], is identi�ed to be 90μm or 8% of the
tool radius.
After 100μm of wear has occurred, the entire

cutting edge has been worn o� and the tool can
be considered to have failed. Tool shaft fracture
may or may not occur at this point, depending on
whether the centre of the tool remains engaged with
the workpiece to an extent that a cut could be at-
tempted.

Figure 16: Tool wear curve measured for face wear of tool
used to machine Ti grade 2.

As with the Hastelloy tools, outside edge wear
(Figure 17) does not show a clear traditional wear
curve. Abrasive wear continues to take beyond the
depth of cut, because of swarf from the workpiece
acting as a third body. This is evacuated by the lu-
bricant (coolant) but rubs past the tool in this pro-
cess. Wear appears to reach a steady state above
a depth of 300μm, at which point the swarf is no
longer travelling up the shaft and little contact be-
tween the tool and material takes place. Although
outside edge wear is unable to provide a clear tool
wear curve, chipping on the outside edge of the tool
may a�ect the tool's ability to produce a good sur-
face �nish, or indeed the tool's ability to remove
swarf. Thus, outside edge wear does provide some
indication of impending tool failure.
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Figure 17: Tool wear curve measured for outside edge wear
of tool used to machine Ti grade 2.

Flank wear, on the other hand, shows an S-curve
as seen with face wear (Figure 18), with the only
obvious di�erence being the point at which each
wear stage is reached.

Figure 18: Tool wear curve measured for �ank wear of tool
used to machine Ti grade 2.

The shapes of the tool wear curves achieved are
strikingly similar to conventional tool wear curves
[37] - as previously noted by Bahrudin et al. [12]
- in each case, a traditional s-curve is seen. This
allows the critical wear point or tool life criterion
to be identi�ed as the point after which tool wear
becomes intolerable. Depending on the required
workpiece dimension tolerance, the actual tool wear
volume that is acceptable may be less than this.

4.2.3. Brass

Two di�erent types of tool were used to machine
brass: those with no coating, and those with an Al-

TiN coating. The base tools were TiB2. As for
Titanium and Hastelloy, as shape approximating
an s-curve can be seen, although machining time
was so short for the uncoated tools that data lis
limited. Comparison between the TiB2 tools used
to machine brass, and the tools which were coated
with AlTiN clearly shows that the steady state por-
tion of the graph is over twice the length for Al-
TiN coated tools than TiB2 tools. Furthermore,
the steady state region for the TiB2 tools occurred
at a higher level of wear. One of the TiB2 tools
fractured before rapid wear could be seen (Figure
19). Rake face wear is seen in the Figure, as the
tool wear curve see for coated brass tools is taken
from the preliminary study described in Section 2.3,
during which only rake face wear was seen, and thus
this is the only wear measurement that can be com-
pared.

Figure 19: Rake face wear for uncoated and coated tools used
to machine brass. CF indicates catastrophic tool failure.

5. Re�ection on Protocol

Section 4.2 describes the results obtained using
the protocol described in Section 3. Clear wear
curves were seen using the imaging methods de-
scribed for both rake face and �ank wear. Other
metrics, such as slot pro�le, which have been dis-
cussed in Section 2.2, were not able to provide as
much information. This section considers each part
of the protocol and its relative success, in order to
determine which parts of the protocol can be con-
cluded to be optimal when mesuring tools.
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5.1. Improvement of New Method over Tool Diam-

eter

As discussed in Section 2, it is possible to de-
scribe the tool wear in terms of diameter reduction.
However, in an addition to the fact that this does
not take into account features such as tool geom-
etry and uneven tooth wear, it can be seen from
the tool wear curves in Section 4.2 that �ank wear
and face wear result in di�erent points at which
extreme wear begins to take place, and even out-
side edge wear, while not producing a curve, can
provide information about tool chipping and immi-
nent failure. The useful life of the tool should be
identi�ed as the point at which either �ank or face
wear reaches phase III, which in the case of the ti-
tanium workpiece was the �ank wear. This is not
re�ected in a simple diameter measurement. Al-
though measurement of diameter may be su�cient
once tool life criterion is known, it cannot be used
to determine it. The data arising from the use of
the protocol described here allows the wear for each
tooth to be measured for both tool �ank and face
such that a much clearer understanding of how the
tools are wearing can be achieved, in a more consis-
tent fashion, than has been previously carried out.

5.2. E�cacy of measuring slot pro�les as a post-

process tool wear method

Figure 20 shows the tool wear observed for a tita-
nium sample using the method described in Section
3.6. Both wear to the �ank and wear to the rake
face can be seen.

Figure 20: Tool wear curve measured using slot dimensions
for Ti grade 2

One issue with this method was the fact that if
the workpiece was removed after the initial levelling

stage; its orientation in the �xture was such that
its surface was not completely perpendicular with
respect to the tool. This led to an error in Wf

and Wr, as can be seen in the Figure. The result
of this is that absolute wear of the tools cannot
be determined using this method. However, it is
still possible to identify the steady state sections
of the wear, which suggests that with re�nement
this method could be used as a quick method of
analysing tool wear. Typically, an error in angle of
workpiece would be very small.

Figure 21: Possible sources of error when measuring slots

This method cannot be used where tools have
been removed for measurement since relocation of
the tool and workpiece causes the systematic error
to become large and random, and the results be-
come unreliable.

5.3. Sliding Distance Vs. Cutting Distance

As described in Section 3.3, sliding distance is
more appropriate for plotting tool wear against
than cutting distance or cutting time, as the
amount of work carried out on the tool depends
on spindle rotational speed (RPM) and feed rate.
When the tool wear for titanium and Hastelloy

are compared as in Figure 22 using cutting distance,
the tools used to cut Hastelloy enter the third wear
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stage at approximately the same cutting distance
that the tools used to cut titanium enter steady
state wear. This comparison is misleading since the
tools used to cut Hastelloy use lower feed rates and
speeds due to Hastelloy's comparative resistance
to cutting, and thus the graph plotted using slid-
ing distance is more representative. Using sliding
distance, it can be seen that even considering the
higher sliding distance per cutting length for the
tools used to cut Hastelloy, these tools wear much
faster than those used for titanium.

Figure 22: Possible sources of error when measuring slots

5.4. Direct Tool Measurement Vs. Slot Measure-

ment

Figure shows the comparison between measure-
ment of the slot pro�le for a tool used to cut ti-
tanium and the actual measurement of the tool.
It can be seen that the slot measurement of rake
face (measured using the method described in Sec-
tion 3.6) does not accurately describe the tool wear
curve for the tool, and therefore fails to produce the
correct wear curve. This highlights the fact that al-
though slot pro�le can be used as a fast method of
identifying where wear has taken place, to obtain
detailed information on tool wear direct measure-
ment is needed.

Figure 23: Possible sources of error when measuring slots

5.5. Rake Face Wear Vs. Cutting Forces

Rake face wear is compared with the feed com-
ponent of cutting forces to the relationship between
the two. This comparison is seen for Hastelloy is
seen in Figure 24: Both teeth experienced similar
wear for the rake face, with the transition between
phase 1 and 2 (as described in Section 5) occurring
at 22m of sliding distance, and the tool life criterion
occurring at a sliding distance of 65m.
It can be seen for both sets of force data that

both the average feed force and the range of feed
forces (tool vibrations) initially increase with tool
wear but that the rate of this increase plateaus with
tool wear - this is consistent with the hypothesis
that the tool is su�ciently worn that there is little
engagement between tool and workpiece.
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Figure 24: Wear in relation to cutting forces for a tool used
to cut Hastelloy C-276

Compared with the data for Hastelloy, the tool
used to cut the �rst titanium sample has signi�-
cantly more data points. A clear S-curve is ini-
tially seen for face wear (Figure 25), with steady
state wear occurring at a sliding distance of 42m
and the tool life criterion occurring at a sliding dis-
tance of 99m. The curve then �attens out with re-
duced engagement and a dramatic wear increase is
seen when tooth 1 fractures. Average feed force in-
creases consistently, and interestingly continues to
do so linearly with sliding distance even when the
gradient of tool wear is at its lowest (i.e. in stage
2). The average feed force plateaus only when tool
wear plateaus at the end of cutting due to lack of
engagement. The Fourier transform of the force
also starts by increasing linearly, but plateaus after
the steady state region, likely because of reduced
tool-workpiece contact.

Figure 25: Wear in relation to cutting forces for a tool used
to cut Ti grade 2

As well as initial edge rounding having much
more signi�cance for smaller tools, the coating
thickness can be much more signi�cant: both be-
cause it comprises more of the diameter of the tool
(a thickness of 2μm represents 0.4% of the tool di-
ameter as compared with 0.04% for a 5mm end mill)
and because it increases the initial edge radius [38].
The issues with consistency in results discussed here
indicate again the importance of ensuring that the
tools are closely inspected before cutting takes place
in future studies and reinforce the need for a stan-
dard protocol for micro tool wear measurement.

5.6. Force Signature - Looking at Uneven Engage-

ment of Teeth

The force signature was investigated for each of
the cuts made. Varying degrees of di�erence in
force signal between teeth with seen, with an ex-
ample for one of the Hastelloy cuts given in Figure
26.

The unanalysed force signature for the tools in-
dicates that tooth wear engagement is often much
more uneven than that seen for macro-milling tools.
This has been seen before: Mativenga and Hon [39]
reported an engagement di�erence of no more than
30%. However, this amounted to a force di�erence
of approximately 20N. Similarly, Kim and Jeon ob-
served a force di�erence of approximately 10N over
a 50N range (<20% di�erence) for 8, 12 and 14mm
end mills cutting Al6061-T6 aluminium alloy [40]
but the magnitude of the forces is much lower in mi-
cro machining. Furthermore, tool run-out has much
more signi�cance for a smaller tool [32], as demon-
strated by Figure 27. As previously discussed, un-
even engagement of teeth caused by runout causes
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Figure 26: The �t made using the second term of the Fourier series.

di�erent levels of wear to each tooth than that expe-
rienced by micro-milling. This results in a force sig-
nature that can be dramatically di�erent for both
teeth. Where the wear curve for each tooth is very
similar, it should be expected that the force signa-
ture for each tooth is also similar

Figure 27: E�ect of runout is magni�ed for a smaller tools.

5.7. Mechanism of Tool Breakage

One major consideration in micro-milling is the
relative size of the workpiece grains in relation to
the tools. Figure 28 shows (to approximate scale)
the size of the grains for Hastelloy. Many of the
grains are in the order of 10 m, which is 2% of the
tool's diameter. The structure appears inhomoge-
neous to the tool and thus the cutting forces can
vary signi�cantly from pass to pass. This causes
sudden fracture to the teeth from time to time,
rather than the smooth, even wear that would be
expected in macro milling. To further understand

the mechanism of tool breakage, it is useful to look
at the chips produced during the tool wear process.

(a) Workpiece grain size is relatively large compared to the
cutting edge.

(b) Grain boundaries make the material appear inhomoge-
neous.

Figure 28: Grain sizes relative to tool size
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Due to the very small size of the chips (typically
the chips are no more than 200μm in length and
width) it is very di�cult to collect and study them.
However, some examples of chips for each material
were collected directly from the work pieces. For
both the titanium and the Hastelloy, serrated type
chips were seen, of the type shown in Figure 22.
Examples of both chips are given in Figure 21. The
chip formation is an indicator of regions of intense
shear followed by regions which are relatively unde-
formed. This results from high machining temper-
atures which are not dissipated quickly, as is com-
mon when cutting titanium and nickel alloys [41].
This can cause cutting edge attrition due to irreg-
ular �ow of material as well as thermal fatiguing
which results in chipping and cracking. The result
of this can be the eventual catastrophic failure of
the tools.

Figure 30: A serrated-type or discontinuous chip.

5.8. Considering alternative coatings: an early in-

vestigation into extending tool life through

coatings.

Coating tools used to machine brass with AlTiN
(Figure19) in Figure 6 showed a dramatic lengthen-
ing of the steady state region of the tool wear curve
for AlTiN coated tools. Additionally, the steady
state occurred at a lower wear level for these tools.
The latter result has previously been reported [15]
but the lengthening of the curve is signi�cant as it
indicates a longer tool life. The early fracture of
one of the TiB2 tools is likely to have been caused
by imperfections in the carbide material or exces-
sive cutting forces generated by burring or larger
crystals in the brass and serves as a reminder of
the di�culty of measuring tools on the micro-scale
and the importance of pre-inspection. This result
suggests that even for softer metals such as brass,
coating tools can signi�cantly improve tool life. To
a certain extent, this relates to cutting edge radius

(a) Chip produced from machining of Hastelloy

(b) Chip produced from machining of titanium

Figure 29: Chips produced in machining.
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- the applied coating increases the cutting edge ra-
dius of the tools, and this cutting edge radius re-
duces stresses on the tools [42, 43]. This extension
of tool life is worth investigating further.

6. Conclusions

Considering the di�culties encountered when
comparing studies on tool wear in micro-end-
milling, a protocol for measuring, characterising
and reporting wear on sub-millimetre end mills is
proposed. The purpose is to provide a method such
that studies between di�erent tool geometries and
materials can reasonably be compared. Standard-
isation will make building on existing studies pos-
sible, while the characterisation of wear curves for
di�erent tools has direct applications in manufac-
turing for maximising process e�ciency.
The results obtained in the validation wear tests

have indicated that the wear measurement protocol
proposed allows the wear curve of sub-millimetre
micro end mills to be plotted, with the following
points of note:

I. Using the suggested protocol, stages of wear
can be identi�ed as with macro end mills, such
that the wear of the tool is not allowed to go
beyond the steady state region.

II. Outside edge wear provides little information
when studying the wear of micro end mills, due
to the signi�cant wear e�ects of chips sliding
past these edges during machining. A com-
bination of face wear and �ank wear provides
much more consistent data.

III. By examining the tools using SEM techniques
including backscattered electrons, and examin-
ing the chips, it is possible to understand the
wear mechanisms taking place, which is useful
when designing coatings for micro end mills.

IV. It is common for the teeth of the tools to
wear unevenly due to spindle run-out, which
can lead to single tooth failure even relatively
early in the tool wear curve. This highlights
once again the importance of minimising this
as compared with macro milling.

V. Sliding distance presents a much more appro-
priate measure of reporting micro end mill
wear than cutting distance or cutting time,
since it considers cutting speeds and feed rates.

VI. Although there is scope for analysing channels
and features in the workpiece as a method of
tool wear measurement, which would dramati-
cally speed up measurement time due to a sin-
gle measurement rather than multiple removal
of tools, this method is only able to provide in-
formation about the tools after the event and
requires very strict machining to be of use. It
is thus less robust for plotting wear curves than
direct measurement of tools.

Based on literature reviewed in Section 2, there is
scope for signi�cant further investigation of coat-
ings for larger micro-end-mills, since many tool-
ing companies o�er standard coated and uncoated
micro-end-mills, but the research into coatings for
micro end mills is signi�cantly less extensive than
that for larger end mills. Despite the disadvantages
that coatings have (for example, increased cutting
edge radius) there is opportunity for signi�cantly
extending tool life here.
As the tools tested were 500µm diameter, fur-

ther work should investigate the size limits of this
protocol and establishing new methods where this
protocol is no longer appropriate.

7. Acknowledgements

The authors wish to acknowledge the contribu-
tion of D.T. Curtis of the University of She�eld
Advanced Manufacturing Research Centre to dis-
cussions regarding tool wear prior to the conception
of this work; the contribution of tools and expertise
from Steve Neale at Kyocera-SGS; and the �nan-
cial support of the EPSRC (EP/L016257/1) in this
work.

8. References

References

[1] M. Camara, J. C. Rubio, A. Abrão, and J. Davim,
�State of the art on micromilling of materials, a review,�
Journal of Materials Science & Technology, vol. 28,
no. 8, pp. 673�685, 2012.

[2] K. Jemielniak and P. Arrazola, �Application of ae and
cutting force signals in tool condition monitoring in
micro-milling,� CIRP Journal of Manufacturing Sci-

ence and Technology, vol. 1, no. 2, pp. 97�102, 2008.
[3] T. Özel, T. Thepsonthi, D. Ulutan, and B. Kaftano§lu,

�Experiments and �nite element simulations on micro-
milling of ti�6al�4v alloy with uncoated and cbn coated
micro-tools,� CIRP Annals-Manufacturing Technology,
vol. 60, no. 1, pp. 85�88, 2011.

19



[4] W. Bao and I. Tansel, �Modeling micro-end-milling op-
erations. part i: analytical cutting force model,� Inter-
national Journal of Machine Tools and Manufacture,
vol. 40, no. 15, pp. 2155�2173, 2000.

[5] O. Ohnishi, H. Onikura, S.-K. Min, M. Aziz, and S. Tsu-
ruoka, �Characteristics of grooving by micro end mills
with various tool shapes and approach to their optimal
shape,� Memoirs of the Faculty of Engineering, Kyushu

University, vol. 67, no. 4, pp. 143�151, 2007.
[6] J. Chae, S. Park, and T. Freiheit, �Investigation of

micro-cutting operations,� International Journal of

Machine Tools and Manufacture, vol. 46, no. 3, pp. 313�
332, 2006.

[7] P. Mativenga, Micromachining, pp. 873�877. Berlin,
Heidelberg: Springer Berlin Heidelberg, 2014.

[8] C.-J. Kim, M. Bono, J. Ni, et al., �Experimental
analysis of chip formation in micro-milling,� TECH-

NICAL PAPERS-SOCIETY OF MANUFACTURING

ENGINEERS-ALL SERIES-, 2002.
[9] A. Mian, N. Driver, and P. Mativenga, �Identi�cation

of factors that dominate size e�ect in micro-machining,�
International Journal of Machine Tools and Manufac-

ture, vol. 51, no. 5, pp. 383�394, 2011.
[10] International Standards Organisation, �Iso 8688-1: Tool

life testing in milling- part 1: Face milling,� 1989.
[11] International Standards Organisation, �Iso 8688-2: Tool

life testing in milling - part 2: End milling,� 1989.
[12] B. H. T. Baharudin, N. Dimou, and K. Hon, �Tool wear

behaviour of micro-tools in high speed cnc machining,�
in Proceedings of the 34th International MATADOR

Conference, pp. 111�118, Springer, 2004.
[13] C. Li, X. Lai, H. Li, and J. Ni, �Modeling of three-

dimensional cutting forces in micro-end-milling,� Jour-
nal of Micromechanics and Microengineering, vol. 17,
no. 4, p. 671, 2007.

[14] K. Medicus, M. Davies, B. Dutterer, C. Evans, and
R. Fielder, �Tool wear and surface �nish in high speed
milling of aluminum bronze,� 2001.

[15] S. Filiz, C. M. Conley, M. B. Wasserman, and
O. B. Ozdoganlar, �An experimental investigation of
micro-machinability of copper 101 using tungsten car-
bide micro-endmills,� International Journal of Machine

Tools and Manufacture, vol. 47, no. 7, pp. 1088�1100,
2007.

[16] A. A. Elkaseer, S. Dimov, K. Popov, and R. Minev,
�Tool wear in micro-endmilling: Material microstruc-
ture e�ects, modeling, and experimental validation,�
Journal of Micro and Nano-Manufacturing, vol. 2,
no. 4, p. 044502, 2014.

[17] M. Rahman, A. S. Kumar, and J. Prakash, �Micro
milling of pure copper,� Journal of Materials Process-

ing Technology, vol. 116, no. 1, pp. 39�43, 2001.
[18] I. Tansel, A. Nedbouyan, M. Trujillo, and B. Tansel,

�Micro-end-milling-ii. extending tool life with a smart
workpiece holder (swh),� International Journal of Ma-

chine Tools and Manufacture, vol. 38, no. 12, pp. 1437�
1448, 1998.

[19] P. Kolar, M. Sulitka, P. Fojtu, J. Falta, and J. Sindler,
�Cutting force modelling with a combined in�uence of
tool wear and tool geometry,� Manuf Technol, vol. 16,
no. 3, pp. 524�531, 2016.

[20] H. Li, X. Lai, C. Li, J. Feng, and J. Ni, �Modelling
and experimental analysis of the e�ects of tool wear,
minimum chip thickness and micro tool geometry on
the surface roughness in micro-end-milling,� Journal of

micromechanics and microengineering, vol. 18, no. 2,
p. 025006, 2007.

[21] I. Ucun, K. Aslantas, and F. Bedir, �An experimental
investigation of the e�ect of coating material on tool
wear in micro milling of inconel 718 super alloy,� Wear,
vol. 300, no. 1, pp. 8�19, 2013.

[22] M. Malekian, S. S. Park, and M. B. Jun, �Tool
wear monitoring of micro-milling operations,� Journal
of Materials Processing Technology, vol. 209, no. 10,
pp. 4903�4914, 2009.

[23] A. Aramcharoen, P. Mativenga, S. Yang, K. Cooke,
and D. Teer, �Evaluation and selection of hard coatings
for micro milling of hardened tool steel,� International
Journal of Machine Tools and Manufacture, vol. 48,
no. 14, pp. 1578�1584, 2008.

[24] K.-M. Li and S.-Y. Chou, �Experimental evaluation of
minimum quantity lubrication in near micro-milling,�
Journal of materials processing technology, vol. 210,
no. 15, pp. 2163�2170, 2010.

[25] H. Ding, N. Shen, and Y. C. Shin, �Experimental evalu-
ation and modeling analysis of micromilling of hardened
h13 tool steels,� Journal of Manufacturing Science and

Engineering, vol. 133, no. 4, p. 041007, 2011.
[26] J. Bai, Q. Q Bai, and Z. Tong, �Experimental and mul-

tiscale numerical investigation of wear mechanism and
cutting performance of polycrystalline diamond tools in
micro-end-milling of titanium alloy ti-6al-4v,� Interna-
tional Journal of Refractory Metals and Hard Material,
2018.

[27] X. Teng, D. Huo, I. Shyha, W. Chen, and E. Wong,
�An experimental study on tool wear behaviour in mi-
cro milling of nano mg/ti metal matrix composites,� In-
ternational Journal of Advanced Manufacturing Tech-

nology, 2018.
[28] Y. Wang, B. Zou, C. Huang, Z. Liu, and P. Yao, �The

micro-cutting performance of cermet and coated wc
micro-mills in machining of tc4 alloy micro-grooves,�
The International Journal of Advanced Manufacturing

Technology, 2018.
[29] G. Strnad and J. Buhagiar, �Latest developments in pvd

coatings for tooling,� Scienti�c Bulletin of the" Petru

Maior" University of Targu Mures, vol. 7, no. 1, p. 32,
2010.

[30] K. A. Vikram, C. Ratnam, K. S. Narayana, and B. S.
Ben, �Assessment of surface roughness and mrr while
machining brass with hss tool and carbide inserts,�
2015.

[31] V. P. Astakhov and J. P. Davim, �Tools (geometry and
material) and tool wear,� Machining: Fundamentals

and Recent Advances, pp. 29�57, 2008.
[32] D. Dornfeld, S. Min, and Y. Takeuchi, �Recent ad-

vances in mechanical micromachining,� CIRP Annals-

Manufacturing Technology, vol. 55, no. 2, pp. 745�768,
2006.

[33] T. Masuzawa, �State of the art of micromachining,�
CIRP Annals-Manufacturing Technology, vol. 49, no. 2,
pp. 473�488, 2000.

[34] N. Taniguchi, �Current status in, and future trends
of, ultraprecision machining and ultra�ne materials
processing,� CIRP Annals-Manufacturing Technology,
vol. 32, no. 2, pp. 573�582, 1983.

[35] F. Fang, H. Wu, X. Liu, Y. Liu, and S. Ng, �Tool geom-
etry study in micromachining,� Journal of Microme-

chanics and Microengineering, vol. 13, no. 5, p. 726,
2003.

20



[36] J. Fleischer, M. Deuchert, C. Ruhs, C. Kühlewein,
G. Halvadjiysky, and C. Schmidt, �Design and man-
ufacturing of micro milling tools,� Microsystem Tech-

nologies, vol. 14, no. 9-11, pp. 1771�1775, 2008.
[37] M. P. Groover, Fundamentals of modern manufactur-

ing: materials processes, and systems. John Wiley &
Sons, 2007.

[38] S. Afazov, D. Zdebski, S. Ratchev, J. Segal, and S. Liu,
�E�ects of micro-milling conditions on the cutting forces
and process stability,� Journal of Materials Processing

Technology, vol. 213, no. 5, pp. 671�684, 2013.
[39] P. Mativenga and K. Hon, �An experimental study of

cutting forces in high-speed end milling and implica-
tions for dynamic force modeling,� Journal of Man-

ufacturing Science and Engineering, vol. 127, no. 2,
pp. 251�261, 2005.

[40] D. Kim and D. Jeon, �Fuzzy-logic control of cutting
forces in cnc milling processes using motor currents as
indirect force sensors,� Precision Engineering, vol. 35,
no. 1, pp. 143�152, 2011.

[41] W. Knight and G. Boothroyd, Fundamentals of Metal

Machining and Machine Tools, Third Edition. Manu-
facturing engineering and materials processing, Taylor
& Francis, 2005.

[42] W. J. Endres and R. K. Kountanya, �The e�ects of cor-
ner radius and edge radius on tool �ank wear,� Journal
of Manufacturing Processes, vol. 4, no. 2, pp. 89�96,
2002.

[43] J. Fulemova and Z. Janda, �In�uence of the cutting edge
radius and the cutting edge preparation on tool life and
cutting forces at inserts with wiper geometry,� Procedia
Engineering, vol. 69, pp. 565�573, 2014.

21


