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Abstract

Micro-milling represents a versatile and fast manufacturing process suitable for production

of fully 3D micro-components. Such components are demanded for a vast number of

industrial applications including safety systems, environmental sensors, personalized medical

devices or micro-lenses and mirrors. The ability of micro-milling to process a wide range of

materials makes it one of the best candidates to take a leading position in micro-

manufacturing. However, so far it does not seem to happen. By discussion with various

industrialists, low predictability of micro-milling process was identified as the major limiting

factor. This is mainly because of strong effects of the tool tolerances and process

uncertainties on machining performance. Although, these issues are well known, they are not

reflected by the current modelling methods used in micro-milling.

Therefore, the research presented in this thesis mainly concentrates on development of a

method allowing a prediction of the tool life in manner of tool breakage probability. Another

important criterion which must be fulfilled is the method applicability to industrial

applications. This means that the method must give sufficiently accurate prediction in

reasonable time with minimum effort and interactions with day-to-day manufacturing

process.

The criteria listed above led to development of a new method based on

analytically/numerical modelling techniques combined with an analysis of real tool variations

and process uncertainty. Although, the method is presented in a relatively basic form, without

considering some of the important factors, it shows high potential for industrial applications.

Possibility of further implementation of additional factors is also discussed in this thesis.

Additionally, some of the modelling techniques presented in this thesis are assumed to be

suitable for application during designing of micro end-mills. Therefore, in the last part of this

thesis is presented a systematic methodology for designing of micro end-mills. This method

is based on knowledge and experience gained during this research.
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1. Introduction

Micro manufacturing processes can be classified into four main groups based on their

abilities, requirements and historical development.

The first group, which is the oldest one, covers silicon-based processes originally

developed for needs of semi-conductor industry [1, 2]. These processes are able to produce

large arrays of 2D micro components (features) with low unit costs. However, the initial costs

are usually very high as these processes require expensive masters and clean/controlled

environment. Because of this, the flexibility of production is low and majority of products has

only a low-added value.

The second group of micro manufacturing processes is completely different. The

processes within this group were mainly developed by scaling down of macro manufacturing

processes. Some authors classify these processes as ultra-precision processes [3]. Typical

examples are: micro electro discharge machining (micro-EDM) [4], micro mechanical cutting

(e.g. micro milling, micro drilling or ultra-precision turning) [5-7], laser beam machining

(LBM) [8] or micro electrochemical machining (micro-ECM). These processes are usually

not directly applicable in mass-production because of their low material removal rates (MRR)

and high unit costs. However, their advantages are in ability of processing a wide range of

materials, producing fully 3D products and relatively low initial costs (compared to silicon-

based processes). Hence, their place is in manufacturing of masters and tools for replication

methods. They can also be applied in low- to medium-scale production, where high-added

value and high flexibility are usually desired.

The third group covers non-silicon-based replication processes. Typical representatives

of this group are micro-injection moulding, micro-embossing (hot or cold), forming and, in

some extend, also micro-EDM (sinking variation of this process). These processes usually

produce a negative shape of the master prepared by some of the processes covered in the

previous groups. They are typically able to process wide range of materials (e.g. micro-

injection moulding can be used for production of polymer, ceramic or metal micro-

components).
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The fourth group covers so called rapid prototyping processes [9]. These processes are

based on building up the product by adding an extra material. Originally these processes were

limited to a range of product materials which are not suitable for real applications. Therefore,

these technologies were used only for demonstration of new products. This has, however,

changed with development of new processes, such as selective laser sintering (SLS), which

are able to produce parts from metals, ceramics, polymers etc. [9].

IHS Isuppli report [10] had estimated the total MEMS market in 2006 to be worth $6

billion. The report has also predicted 10% growth of the market between years 2010 and

2015, and in 2015 the market is expected to reach approximately $11.5 billion. This report

has also predicted a growth of high added-value markets from $1 billion in 2006 to $2.5

billion in 2015. The results of the IHS Isuppli report are illustrated in fig. 1.1.

Fig. 1.1: Estimation of MEMS market [10]

Another interesting market research is presented in MINAM 2.0 strategic research agenda

[11]. MINAM 2.0 consortium has investigated shares of different sectors on the total micro

and nano manufacturing market. The report states that manufacturing & production

equipment is the most vital sector. It is followed by healthcare & biochemistry, energy

generation & storage, information & communication technologies (ICT) and other 8 sectors

with less than 10% shares, see fig. 1.2. Furthermore, MINAM 2.0 has predicted a growing

importance of healthcare & biochemistry sector. On the other hand, ICT sector is expected to
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experience the most dramatic reduction of its share of the total market. The prediction of the

market shares in 2015 is illustrated in fig. 1.3.

Fig. 1.2: Current market shares of micro and nano manufacturing industry [11]

Fig. 1.3: Prediction of market shares of micro and nano manufacturing industry in 2015 [11]
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The conclusions from these reports can be summarized as:

 Fast growth of the micro manufacturing market is expected,

 New fields of applications increase their importance,

 Increasing individualisation of micro products is expected,

 Increasing demands on quality and complexity of new emerging micro products.

These findings indicate a need of new manufacturing solutions which will be able to fulfil

the arising demands. It is assumed, that many of the future products will not be makeable

with the traditional silicon-based processes, and therefore, the processes from the other three

groups will become more important. It is also expected that the new products will require

multiple manufacturing processes to be employed during their production. In this sense,

especially ultra-precision processes (micro-EDM, LBM, micro cutting etc.) are expected to

play the key role. This because they are typically involved in any manufacturing chain used

for production of 3D, high quality micro products. Two examples of the manufacturing

solutions involving ultra-precision processes are:

 Applications in sequence with rapid prototyping methods. In this case, a near

net shape is produced by some of the rapid prototyping processes, and then, the

final product is finished by some of ultra-precision processes. Such methods are

popular in macro manufacturing because of their ability of efficient production of

complex and accurate products. It is suitable for manufacturing of small and

medium batches of micro components.

 Applications in sequence with replication processes. In this case is first

produced a master by some of ultra-precision processes, and then it is replicated by

some of the replication processes. This solution facilitates manufacturing of large

batches of 3D high quality components with low unit costs.

From processes classified in the second group, micro milling is one of the most promising

ones. It is based on mature conventional milling with which it shares majority of its

characteristics. It also has an ability of manufacturing complex 3D shapes with high accuracy

and high surface quality [5-7]. Unlike comparable LBM or micro-EDM (both are based on

melting and evaporation) micro milling is based on mechanical cutting. Therefore, it has not

as significant effect on material properties in near-to-surface layers and on sub-surface
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damage. Furthermore, according to Bigot et. al. [12] the micro milling unit cost in medium

batch size production is approximately 80% lower than in the case of LBM (see fig. 1.4).

Fig. 1.4: Unit cost as a function of batch size [12]

All the above mentioned reasons make micro milling extremely competitive process.

However, although this process is derived from well established conventional milling, it is

affected by various scaling factors. These factors affect tool performance, the final product

quality and most importantly process predictability. Furthermore, because of very small

dimensions, high complexity and high rotational speeds typical for micro milling, it is very

difficult to monitor it. Most of the current monitoring techniques are insufficient for the

required dimensions.

Hence, the main drawback of this process is its low predictability. Without reliable

methods it is unlikely that industry will accept micro milling. Therefore, the main objective

of this research is to develop a tool performance prediction method applicable in industrial

applications. This method should:

 be applicable to the smallest micro end-mills available on the market,

 be applicable to different machining strategies (different cutting parameters,

materials, tool geometries etc.),

 have minimum interactions with day-to-day production.

The author assumes that theoretical modelling represents the best possible solution.

However, the models must respect various scaling effects which are influencing micro
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milling. Especially process tolerances and uncertainties are expected to be highly influential.

The proposed method is, to the author’s best knowledge, the first one respecting these issues.

Another important factor affecting micro milling is tool design. It is assumed that by an

appropriate design, tool performance predictability and also tool life can be significantly

increased. This, however, does not seem to be reflected by currently available micro end-

mills. Although the tool design is not the main topic of this research, some of the techniques

used for prediction of tool life seem to be applicable in the designing process. Therefore, it

seems to be logical to apply the knowledge gained in this research on designing of micro end-

mills. Hence, the second main objective of this research is to introduce a systematic tool

designing method reflecting the main micro milling challenges.

Each of these methods concentrates on some of the aspects of micro milling. The first one

helps to plan suitable milling strategies and estimate the final costs, as the second one is

assumed to facilitate designing of new tools with longer life and more predictable

performance. Hence, application of both of these methods may help to increase popularity of

micro milling in industry.
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2. Literature review

2.1 Micro-milling and its components

Milling is a traditional chip removal process. First references about applications of milling

can be tracked already since the industrial revolution in 19th century [13]. It was quickly

recognized as extremely powerful manufacturing process capable of producing 3D parts from

wide range of technical materials. Increasing industrial demands have led to continuous

improvements of the process; especially increasing accuracy, repeatability and reduction of

product dimensions were always highly desirable. This had resulted in situation, when in the

late nineties of the twentieth century the process dimensions became as small as the relations

developed for conventional milling were no longer valid. Since that time some researchers

have started to speak about micro-milling. Perhaps the first one whom used the term “micro-

milling” was I. Tansel in his paper published in 1998 [14].

As mentioned above, micro-milling has been developed from well established

conventional (macro) milling process. Generally, it may be stated that micro-milling is

simply a scaled down version of conventional milling. Hence, all the kinematics is the same.

The basic movements are: tool rotation and simultaneous feeds in x, y and z directions [15].

Recent developments in computer numeric control (CNC) systems enable also multi-axis

milling with increased number of degrees-of-freedom (DOF). Most usual are two additional

rotational axes facilitating production of very complex 3D parts with freeform surfaces.

However, increased number of DOFs increases the complexity of the process and introduces

new challenges in process modelling, control and monitoring.

Because micro-milling was derived from conventional milling by continuous reduction of

dimensions, it is obvious, that it is very difficult to identify clear boundary between these two

cases. In the reality, all mechanisms remain the same in both cases. The main difference is in

relative effects of process variables on machining performance, and not in different

principles. Importance of the effects continuously increases with reduction of tool dimensions

up to a moment when it cannot be any longer ignored. However, there is also an important

“shadow” zone, in which the effects are not negligible, but they are not yet critical. This zone

was identified by Sandia National Report titled “Meso-machining capabilities” to be
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approximately between the tool diameters of 0.5 mm and 1 mm [16]. However, it is important

to mention, that the decision of classifying some process as micro-milling is affected by

many factors and it cannot be simply stated that all processes with tools smaller than Ø0.5

mm are definitely micro.

Fig. 2.1: Main factors affecting micro milling process

Hence, the remaining question is: what are the factors affecting milling process? This is

not a simple question because there is a large number of such factors. Fig. 2.1 summarizes

and logically classifies the most important ones. Evidently all hardware components involved

in milling process have an important influence on the process. These include machine tool,

cutting tool and workpiece. Another important group of factors is classified as environmental

effects. This group of factors has an increasing effect in the case of micro scaled and high

precision milling. The last group of factors includes different interactions between the tool

and the workpiece. In its entirety, these factors can be called cutting conditions. Although,

some of the factors listed in fig. 2.1 play more important role than the others, they all must be

assumed as ineligible in real micro milling. Hence, it is worth to have a brief insight to the

current state-of-the-art of each of these groups individually.

2.2 Machine tools

It is obvious that machine tool strongly affects the machining process. Especially its

stiffness, damping and mass distribution have enormous effects on process dynamics and
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stability [17]. However, these are not only factors affecting the process stability. Another

important factor is obviously machine tool thermal performance. Although, micro-milling

process does not generate large amount of heat, the moving parts of the machine tool,

especially spindle, can do so [17]. This can lead to unexpected machine tool deformations,

which negatively affect machining accuracy. Last, but not least is the effect of driving and

control systems. Evidently inaccurate driving system does not facilitate high machining

accuracy and repeatability desired for successful micro manufacturing. Another issue of

driving and control systems can appear, if it is not appropriately designed from the point of

view of thermal distribution. All current machining systems are based on transfer of electrical

energy to mechanical energy. Due to electrical resistance, these systems often generate

ineligible heat, which can cause further machine tool deformations. This can be solved by

location of majority of electrical components outside of the machine tool as it is done for

example by KERN Precision inc. [18]. Another solution is minimization of electrical energy

needed for machine tool functionality and good electro/thermal design of all electrical

systems. Advanced measurement systems should be a standard for micro-milling machines.

High resolution and fast response are greatly desirable because: “what cannot be measured

cannot be improved”. Furthermore, these systems facilitate back-loop process control which

can in near-to-real time optimize the process input parameters in order to increase machining

performance.

In the early stage of micro milling research no specialized machine tools were available.

Therefore, all research at turn of the century was performed on conventional high speed

milling centres. This includes for example early research of I. Tansel [14, 19, 20], W. Y. Bao

[21-23] and M. Rahman [24].

However, researchers have quickly identified unsuitability of the conventional machine

tools. This led to extensive research and development of new, more suitable, machine tools in

last decade. According to Chae et. al. [25] two main directions of machine tool development

can be distinguished as:

 Continuous improvements of conventional machine tools. These improvements include

increasing stiffness, improvements of control and monitoring systems and

implementation of more accurate and stable machine tool components such as spindles,
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positioning systems, brackets etc. However, as these machine tools are developed on

the same basis as conventional machine tools they are commonly unreasonably large.

This direction can be observed mainly in industry. Some of the typical examples of

commercial machine tools are shown in fig. 2.2.

 New miniaturized micro-milling machine tools, which are often used in research

institutions. These machine tools are characterized by a desktop size, which better

reflects dimensions of usual micro-products. Benefits of these machine tools are mainly

in reduction of energy, space, material and costs. Although the first miniaturized micro-

milling machine tools appeared already in very beginning of 21st century (e.g.

Takeuchi’s 5-axis milling centre presented in 2000 [26]), they still did not gain their

position in market. To the author’s best knowledge, the only commercial producer of

such type of milling centres is Nanowave. Some examples of desktop machine tools,

including the one from Nanowave, are shown in fig. 2.3.

(a) (b) (c)

(d) (e) (f)

Fig. 2.2: Commercial micro-milling centres: (a) Mikrotool DT-110 [27], (b) Willemin-Macodel W-408MT

[28], (c) Makino Hyper2j [29], (d) Kugler [30], (e) KERN evo [18], (f) Mori-Seiki [31]
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(a) (b) (c)

(d) (e) (f)

Fig. 2.3: Examples of micro-machines (a) miniature machine [32], (b) commercial miniature machine

from Nanowave [33], (c) micro-factory [34], (d) micro-factory [35], (e) second generation miniature

machine [34], (f) micro-machine tool [36]

2.3 Micro end-mill

Cutting tool (micro end-mill) is the second hardware component presented in micro

milling. Because the tool is usually the smallest part introduced in micro milling process, it

represents the weakest point of the whole setup. Therefore, a special attention must be paid to

its design, properties and performance. In this section is summarized the current state of the

research of this topic.

2.3.1 Micro end-mill dimensions

Currently a great variety of micro end-mills with diameters down to tens of micrometers is

available in the market. In fig. 2.4 is shown an example of one of the smallest tools provided

by Performance Micro Tool [37]. This example represents a dual helix micro end-mill with

the cutting diameter of only 10 μm. Other suppliers also offer very small tools with diameters

bellow 100 μm (e.g. UNION TOOL provides micro end-mills with diameters of 60 μm [38]).
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Fig. 2.4: Micro end-mill with cutting diameter of 10 μm next to a human hair; Performance Micro Tool

[37]

However, the smallest available tools are very rarely used in both research and industry.

Majority of tools used in recently published research have cutting diameters in a range of

0.3 mm to 1 mm (e.g. [19-24, 39-41]).

2.3.2 Micro end-mill design

Although the manufacturers continuously reduce tool dimensions, tool geometry remains

identical for both micro and macro end-mills. For example Kyocera offers the same tool

model with diameters from 100 μm up to 6 mm [42] and UNION TOOL offers its C-

CES2000 tool model with diameters from 100 μm up to 20 mm [38].

The situation in research is not significantly different. There is only a limited number of

publications related to micro end-mill design. Fang et. al. [43] compared a commercial dual-

helix tool with four other geometries, namely straight and tapered Δ-type tools and straight

and tapered D-type tools (see fig. 2.5). The study consists of a theoretical modelling (FEM)

followed by an experimental verification. Both Δ-type and D-type tools show higher rigidity

and wear resistance than the standard tool. Fang has concluded that D-type tool is the most
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suitable for micro-milling. These tool designs are, however, orthogonal, and therefore, they

generates higher cutting forces. Hence, it is disputable, whereas the newly developed tools

will have as significantly longer tool life as predicted.

Fig. 2.5: Tool geometries studied by F. Z. Fang et.al. [43]

On the other hand Uhlmann and Schauer have concentrated on optimization of the tool

dimensions [44]. They have not compared different concepts, but they optimised the under-

neck length and diameter. The longer length of under-neck was achieved by a reduction of

the flute length. This variation of the tool geometry leads to smoothing of the tool geometry

in the critical zone (the zone where are the highest bending stresses). Their analysis was

based on FE stress analysis and then experimentally verified. In fig. 2.6 are shown examples

of the commercial tool and the optimised one. By the optimisation was achieved reduction of

bending stresses of 1 190 MPa (~30%). The experimental tests have confirmed that the

optimised tools last longer than the commercial ones. However, the improvement was not as

significant as expected (the total machining length achieved by the optimised tool was only

10% longer than the one achieved by the commercial tool). This shows that not only bending

stresses affects the tool life, but also other effects must be taken in consideration.

b) Δ-type end-mill with

straight body

(c) D-type end-mill with

straight body

(a) 2-flute end-mill

d) Δ-type end-mill with

tapered body

e) D-type end-mill with

tapered body
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(a) Commercial end-mill (b) Optimized end-mill

Fig. 2.6: Stress distribution in commercial and optimized end-mill, Uhlmann and Schauer [44]

Another interesting work about micro end-mill design was published by P. Li et.al. [45]. P.

Li has concentrated on a design of the tool cross-section. The main effort of this work was

put on reduction of tool wear. P. Li has proposed and experimentally validated two new tool

designs (2-flutes and 4-flutes micro end-mills) as they are shown in fig. 2.7. P. Li has

concluded that the rake angle is not as critical in micro milling as it is in conventional

milling. Hence, he proposed to prioritize robustness of the cutting edge over the effort of

achieving high positive rake angles. Both of the newly developed tools show approximately

3.5 times lower tool wear than the commercial one. This reduction of the tool wear was

dominantly achieved by prevention of initial cutting edge chipping.

Some research on the topic of micro end-mill design was also presented by Fleischer et. al.

on 4M conference 2008 [46]. In this work, three different tool designs were numerically

analysed. Proposed designs, however, show significant drawbacks. The first two presented

designs seem to have inappropriate geometries with very low stiffness and high number of

stress concentrators (see fig. 2.8a and 2.8b). Furthermore, all proposed designs are

orthogonal. Such tools are, however, likely to generate higher cutting forces. The third tool

geometry (fig. 2.8c) shows high stiffness. A possible issue of this geometry is, however, in

conduction of the removed chip away from the cutting zone. Because the proposed geometry

has no helix angle, it is unlikely that the chip would be “pushed” upward as it is typical in

oblique cutting. In combination with the proposed geometric features, it can result in a
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“suction” of the chip below the tool where it may stick. This can result in a build-up-edge

(BUE). However, because neither experimental nor theoretical analysis of this effect was

presented, it cannot be proved or disproved. It should be also mentioned that all geometries

proposed by Fleischer are a single tooth. This seems as a good idea for designing of micro

end-mills which can help to eliminate dangerous run-out effects and also help to increase the

tool stiffness. However, before the concept of a single tooth micro end-mill can be applied, an

effect of tool unbalance should be investigated.

(a) Commercial tool

(b) Newly developed 2-flutes design (c) Newly developed 4-flutes design

Fig. 2.7: New micro end-mills designs proposed by P. Li [45]
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(a) Geometry 1 (b) Geometry 2

(c) Geometry 3

Fig. 2.8: Micro end-mills proposed by Fleischer et. al. [46]

Each of the published works related to the tool design concentrates on different issues. P.

Li has concentrated on tool cross-section and tool wear, Uhlmann on bending stresses and

parametric optimisation of under-neck, Fang on simplicity of tool manufacutring and high

stiffness and Fleischer on elimination of tool run-out effect. However, none of the researchers

has proposed a systematic method for tool design which would reflect whole scope of

challenges arising from tool scaling down. However, it is assumed that in the future the micro

end-mills will be designed specialy for different types of applications (varius tools for

machining soft and hard materials, roughing and finishing operations etc.). This specialisation

of the tools for different applications is expected to be more important in micro scale than it

is in macro scale. This is becasuse of higher liability of micro tools performance to be

affected by various effects than it is in conventional milling. Therefore, a designing method is

assumed to be more valuable than a new design itself.

2.3.3 Micro end-mill material & coatings

Same as conventional cutting tools, micro end-mills are usually made from fine grain

tungsten carbide with cobalt binder (WC-Co). This material is typically used for cutting tools
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because of its high melting temperature and very high hardness [47]. The WC-Co tools are

more wear resistant than tools made from high speed steels [47]. However, also in the case of

WC-Co tools, tool wear remains an issue which leads to reduction of final product quality,

cutting force growth and in micro milling to premature tool breakage. Therefore, tool

producers as well as researchers pay an attention to reduction of tool wear. Except of

application of suitable lubrication, an application of protective coatings is the most usual

method.

In commercial practice TiN, TiAlN and CrN coatings are the most usual coating materials

[38, 42]. However, these coatings were developed for protection of conventional tools and

not for micro tools. Therefore, it is essential to verify the effects of these coatings in micro

milling applications. As mentioned above, the performance of micro end-mills differs from

conventional milling due to various size effects. Therefore, special attention should be paid to

the appropriate coating design for micro end-mills. This task is, however, extremely

demanding. This is due to the numerous complications in coating of micro tools. Hence, only

a limited research in this field has been done so far [41, 48, 49].

Aramcharoen et. al. has compared five different coatings in micro milling [48]. The

coatings used in this research were: TiN, TiCN, TiAlN, CrN, CrTiAlN. These coatings were

deposited by magnetron sputtering method. All of these coatings had too layers. The

bounding layer was formed by Ti and the following layer by TiN, TiCN, TiAlN or by Cr and

then followed by CrN. Total thickness of all coatings was 1.5 μm. The tools used in this

research were Ø0.5 mm micro end-mills, and the machined material was hardened steel. The

resistance to different wear mechanisms was evaluated for all the tested coatings. Authors

claim all these coatings to be extremely resistant against cutting edge chipping. All the tested

coatings have shown significantly reduced chipping as well as flank wear. Although TiN has

lower hardness than all the other tested coatings, it has shown the highest resistance against

tool wear. This may be because of good adhesive properties and good surface quality of this

type of coating. The research has shown that in micro milling extra hard coatings are not the

most effective ones, and that tougher and softer coatings may be better protection.

Another interesting research on different coating systems applied in micro milling, was

published by Kim et. al. [49]. In this research Ø0.2 mm micro end-mills were used to
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machine brass (soft material). Four different coatings were used in this research: single-

layered CrN, CrCN, CrSiN and CrSiCN. This research has shown that the CrSiN and CrSiCN

have the best wear resistance. These two coatings are claimed to have the highest micro-

hardness from the tested coatings. This observation is, however, inconsistent with the

Aramcharoen’s observations [48].

Recently were also published some initial tests of diamond-like coatings. Torres et. al.

[41] tested CVD diamond-like coatings. Coatings with ultra fine diamond grains (500 – 1000

nm and 200 – 300 nm) were tested. The tools used in this research were Ø0.3 mm micro end-

mills and the machined material was aluminium (soft material). Both tested coatings showed

a great cutting force reduction in comparison with uncoated tools. Furthermore, a significant

improvement of the surface quality was recorded during the cutting tests. The authors claim

coating with finer grain size to be more suitable for micro milling due to a smaller cutting

edge radius, lower friction and better wear resistance.

Except of the coating material, the coating structure is also very important. An interesting

research on the coating structuring was published by C. Ducros et. al. [50, 51]. Different

coating structures studied by Ducros are shown in fig. 2.9. Ducros claims the nano-layered

coating to generate lower friction. This leads to lower cutting forces, lower wear and also a

better surface finish. Nano-layered coatings also show better fracture resistance. Because tool

breakage is one of the most dangerous phenomena observed in micro milling, this finding is

very important for future direction of research in micro milling coating systems.

Fig. 2.9: Scheme of different coatings architectures [50]
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Another important work on the evaluation of coating structure effect on wear resistance

was published by L. Settineri et. al. [52]. In this research was compared wear resistance of

AlSiTiN, AlSiCrN, AlCrN and AlTiN coatings. All these coatings were deposited as mono-

layered and multi-layered (5 layers). The conclusions of this research are, however,

inconsistent with Ducros et. al. The single-layered coatings have generally shown higher

wear resistance than multi-layered ones. Based on Settineri et. al. research, the best wear

resistance at low temperatures has the mono-layered AlSiCrN coating.

2.3.4 Manufacturing of micro end-mills

Majority of WC-Co micro end-mills are currently manufactured by micro-grinding [53].

The quality of the final micro end-mills crucially depends on grinding wheel properties such

as wheel-size and grid-size, the grinding wheel wear, and chosen cutting conditions.

Furthermore, grinding is mechanical machining process which generates high machining

forces. Because a typical micro end-mill has low bending stiffness, it is evident, that by

application of cutting forces the accuracy will reduce. The accuracy of the produced tools can

obviously be increased by application of less aggressive cutting conditions. This, however,

results in longer machining times and consequently in high production costs. Therefore, it is

unlikely that commercial tool manufacturers would reduce the cutting conditions and produce

more accurate tools.

Micro electrical discharge machining (micro EDM) is another process suitable for

manufacturing of micro end-mills. This method is based on melting and vaporization of

workpiece material. Temperatures of 5 000-12 000°C [54, 55] are generated by electrical

sparkling between the electrode and the workpiece. According to Pham et. al. [4] four

different variation of micro EDM can be distinguished as:

 Die-sinking micro EDM, where an electrode is used to produce its mirror image in

a workpiece.

 Micro-wire EDM, where a wire of diameter down to 0.01 mm is used to cut

through a workpiece.

 Micro EDM milling, where a rod electrode with diameter down to 0.005 mm is

used to produce 3D shape by controlled movement (similarly as in mechanical

milling).
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 Micro EDM drilling, where the rod electrode is used to produce holes through the

workpiece.

However, only micro-wire EDM and micro-EDM milling are suitable for manufacturing

of micro end-mills. Cheng et. al. has published a theoretical work showing a possibility of

manufacturing a dual helix tool with micro-wire EDM [56]. The graphical interpretation of

his simulation is shown in fig. 2.10. Cheng has concluded that such a tool can be

manufactured on a six-axis machine tool and also suggested three different designs of

suitable machine tools. The solution shows a great potential, however, the concept has not yet

been experimentally verified. The main advantages of micro EDM are: very small

dimensions (wires down to 10 μm are available) and negligible machining forces. Hence, the

accuracy of micro EDM can be higher than accuracy of micro grinding. On the other hand,

the potential risk of micro EDM is in its thermal nature. It typically generates heat affected

zones with different properties than the bulk material. Furthermore, this process is usually

slower than commercially used grinding.

Fig. 2.10: Simulation of tool manufacturing by micro-wire EDM [56]
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An interesting research on application of wire-EDM on manufacturing of micro end-mills

was also published by Jiwang et.al. in 2009 [57]. In this paper is presented a fabrication of a

D-type micro end-mill with a nominal cutting diameter of 50 μm, see fig. 2.11. The

manufactured tool was measured and the cutting diameter was found 3.3 μm smaller than

expected. This is significantly lower than the tolerance of typical ground micro end-mills (as

it will be shown later in this thesis, the commercial Ø0.2 mm tools have tolerances of

approximately ±10 μm). Furthermore, Jiwang clams that the tool has improved wear

characteristics. This may be caused by the presence of the heat affected zone, which has

typically higher hardness than the bulk material. This effect is, however, not further discussed

in the presented paper, and therefore, the hypothesis cannot be confirmed. Another, possibly

positive effect of micro-EDM is the produced surface micro structure, see fig. 2.12a. Jiwang

assumes that this surface structure is able to keep lubricant within the cutting zone as it is

shown in fig. 2.12b.

Fig. 2.11: Micro end-mill manufacture by micro-wire EDM [57]
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(a) Detail of EDM surface (b) Schematic illustration of the effect

of EDMed on lubrication

Fig. 2.12: Schematic model of material removal during cutting by EDMed micro end-mill [57]

Another manufacturing technology which has been used for manufacturing of micro end-

mills in research is Focus Ion Beam (FIB) machining. Adams et. al. manufactured and tested

diverse micro end-mills with diameter of 25 μm as they are shown in fig. 2.13 [58]. These

tools were successfully used for machining of slots in brass and hardened steel, see fig. 2.14.

Because of poor tool design (all tools have large negative rake angles) the slots machined by

these tools show large burrs. This, however, does not mean that FIB would not be suitable for

manufacturing of micro end-mills. The advantage of this manufacturing technology is its high

resolution and high accuracy. However, very low MRRs limit this manufacturing process

only for manufacturing tools with diameters below ~100 μm [58].

Fig. 2.13: Micro end-mills manufactured by FIB [58]
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(a) An example of a slot machined in brass (b) An example of a slot machined in steel

Fig. 2.14: Slots machined by FIBed micro end-mills [58]

2.4 Workpiece materials

One of the great advantages of micro milling is its ability of machining a broad range of

materials such as aluminium alloys [19-23, 39, 58-60], steels [19-23, 39, 60-63], copper and

its alloys [24, 43, 64, 65], polymers [66], ceramics [21-23, 58, 66] or graphite [19, 20, 39,

67].

It is evident that machinability of each of the materials is different. This is because of

different material properties; especially workpiece hardness. However, it is difficult to

compare the results published by different researchers. The main issue is that each of the

researchers uses different tools and different experimental procedures. It is also difficult to

compare results achieved on different machine tools (this is because of different

characteristics of various machine tools).

2.5 Cutting mechanism

For research in micro milling it is fundamental to understand cutting mechanism.

However, due to complexity of micro end-mills, very small dimensions and high speeds, it is

difficult to study cutting mechanism directly in micro milling. Therefore, most of the

knowledge about cutting mechanism in micro milling is derived from orthogonal cutting,

mainly from micro turning (e.g. [68-72]) and ultra-precision diamond turning (e.g. [25, 73-

76]). It is assumed that this knowledge can be transferred to micro milling because of

comparable uncut chip thicknesses.
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In micro cutting, the magnitude of the uncut chip thickness is comparable with the cutting

edge radius. This causes significant changes in cutting mechanisms [77, 78]. Due to this size

effect, ploughing becomes more dominant than shearing and it has undesirable effects on

machined surfaces, subsurface damage and cutting forces. The illustration of micro and

macro cutting are shown in fig. 2.15. In the case of micro cutting, the springback effect

becomes more important and cannot be neglected. The springback effect can be described as

an elastic recovery of the material, and is greatly affected by the cutting edge radius. In micro

cutting sometimes, a situation arises, when the springback is the same as the uncut chip

thickness. Hence, no material is removed. This critical chip thickness is called: Minimum

chip thickness (MCT). Great effort to predict MCT was spend, both experimentally [79, 80]

and theoretically [81, 82]. For example, the MCT for steel was recorded by Yuan et. al. to be

between 20% and 30% of the cutting edge radius [81].

(a) Macro cutting (b) Micro cutting

Fig. 2.15: Illustration of macro scale and micro scale cutting

The MCT effect greatly influences the cutting forces. It is evident that if in one cut no

material is removed in the next cut the uncut chip thickness will be twice as large. This

phenomenon is commonly observed in measured force-signal as dominancy of first sub-

harmonic of the tooth-passing frequency[82, 83].

2.6 Heat generation

S. Afazov has used coupled structural-thermal Finite Element Analysis (FEA) of chip

formation. Although his model represents only 2-dimensional orthogonal cutting and it was

Workpiece

Cutting tool
Cutting tool

Workpiece
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not experimentally verified, it gives an important indication about the heat generated in micro

milling [84]. In fig. 2.16 are plotted resulting maximum temperatures for various cutting

speeds and uncut chip thicknesses. The temperatures predicted by S. Afazov are in a good

correlation with temperatures measured in conventional milling by M. Sato et.al. [85]. Hence,

the theoretical results achieved by Afazov can be assumed as reliable.

The maximum feed recommended by UNION TOOL for Ø0.2 mm tools is ~7 μm/tooth

[38]. If the recommended axial width of cut is used (20 μm) the resulting maximum uncut

chip thickness will be approximately 3 μm. Furthermore, in the case of micro milling with

Ø0.2 mm tools are realistically achievable only the first two speeds analysed in [84] (104.7

mm/s corresponds to 10 000 rpm and 523.7 mm/s corresponds to 50 000 rpm). Hence, the

maximum temperatures in micro milling are approximately between 50⁰ and 120⁰. Such

temperatures are not high enough to have any significant effect on machining process.

Therefore, the heat is not assumed to be an issue in micro milling.

Fig. 2.16: Maximum cutting temperatures predicted by S. Afazov [84]
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2.7 Modelling of micro-milling

2.7.1 Cutting forces and chip formation

The monitoring of micro milling process gives only limited information about tool

performance (e.g. cutting force distribution over the cutting edge or tool stresses cannot be

measured in real process etc.). Furthermore, reliable measurements in micro milling are very

challenging because of very small dimensions, complexity of the tool geometry and high

rotational speeds. Furthermore, in many cases the measured signal is of the same magnitude

as the noise.

Therefore, reliable modelling is essential for understanding of different effects. Proper

modelling also helps to speed up the procedure and makes the whole developing process less

expensive [5, 86, 87]. In this section is discussed the current state of cutting forces modelling.

In the researches published in this field, three main streams can be identified [5, 86, 87] as:

 Analytical force modelling.

 Mechanistic force modelling.

 Numerical chip formation modelling.

Analytical force modelling

These models try to link the cutting forces with some geometric characteristics and

empirically obtained data. All these models are fundamentally based on J. Tlusty and P.

MacNeil's [88] milling force model. The original J. Tlusty and P. MacNeil model is,

however, insufficient for the micro milling process due to omission of the axial force

component and the substitution of a tool path by a series of circles. Furthermore, J. Tlusty

and P. MacNeil have assumed specific cutting energy to be a constant. However, according to

T. Jin et.al. [89] this assumption is invalid in the case of micro milling. The specific cutting

energy is affected by scaling effect and with reduction of uncut chip thickness has a tendency

to grow. This is because of increasing effect of the cutting edge radius, which is typically

negligible can in conventional cutting. Other models based on the J. Tlusty and P. MacNeil

work were presented by Gygax [90] and Kline [91]. However, the first analytical model for

micro milling was suggested W. Y. Bao and I. Tansel in 2000 [22]. Bao considered new

expression of the trajectory of the tool tip. The drawback of his model is its 2-dimensionality



27

and use of a constant specific cutting energy. Therefore, this model gives good results for

higher feed rates, but the accuracy of the predicted forces for low feed rates is significantly

lower.

The first 3-dimensional model which links radial and tangential force to axial force, is a

model proposed by Zaman et. al. in 2005 [61]. The model uses uncut chip area instead of

uncut chip thickness and considers the tangential cutting force component to be normal to the

cutting edge. Hence, the tangential cutting force component can be further resolved to axial

component and component perpendicular to the tool axis. The model, however, uses an

unrealistic calculation of theoretical chip areas, and therefore, The results achieved by this

model do not fit with experimental data (see fig. 2.17).

Fig. 2.17: Comparison of theoretical and experimental force by Zaman [92]

Another three-dimensional cutting force model in micro milling was proposed by Li et. al.

in 2007 [93]. This model uses a much more realistic trochoidal tool tip path. In advance, the

cutting mechanism is split into two phases: plastic-elastic and shearing-ploughing

mechanisms. The model gives a very precise estimation of cutting forces with an error of up

to 10%.

Mechanistic force modelling

This group of models is also based on a relation between the cutting force and the uncut

chip thickness. An example of the sort of model is [94]. This model is the only attempt to use
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this sort of models in micro milling found in literature. The model uses complicated relation

between cutting forces and mechanical aspects, such as material properties, friction, and tool

and workpiece geometries. It is, however, very difficult to achieve all the necessary

properties in micro-scale. Another drawback of these models is the concept of slip-line

theory. It is impossible to determine the shearing plane experimentally in micro milling. At

the reality it is difficult to determine the plain even in orthogonal cutting. For these reasons

these models require much more effort than analytical models and are considered to be tricky.

Furthermore, the effort does not seem to lead to improvement of the accuracy of the predicted

forces, see fig. 2.18.

Fig. 2.18: Comparison of theoretical and experimental force by Feng [94]

Numerical approaches for chip formation analysis

Majority of the methods used for chip formation analysis use FEA. These methods may be

based on three different formulations: Eulerian formulation, Lagrangian formulation and

methods combining advantages of both of these formulations (Arbitrary Lagrangian-Elerian

formulation). The difference between Lagrantial and Eulerian formulation is illustrated in fig.

2.19. In Lagrangian formulation the mesh deforms with the physical material. The advantages

of this formulation are that process can be simulated from some initial state to a steady state.

Furthermore, the chip formation can be simulated together with residual stress. However,

large element deformations resulting in distorted elements have been always a matter of

concern. This formulation was used for example be the following researchers: Umbrello et.

al. [95], Outeiro et. al. [96] or Özel et.al. [97].
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On the other hand, Eulerian formulation uses fixed mesh. This eliminates issues with

element distortion. However, simulations based on Eulerian formulation require knowledge

about chip geometry in advance. Therefore, the range of cutting conditions which can be

analysed is restricted. Because of its restrictions this formulation is much less popular for

chip formation analysis. However, some researchers have used it for analysis of steady state

chip formation in orthogonal cutting [98-100].

Fig. 2.19: Illustration of Elerian and lagrangian formulations [101]

Arbitrary lagrangian-euelerian formulation (ALE) combines advantages of both of the

previous formulations. In this case, the mesh follows the physical material deformation (step

1) and then the mesh is smoothed and the calculated values remapped (step 2). Advantage of

this formulation is in elimination of element distortion issues. Therefore, the models based on

this formulation are more stable than the models based on purely lagrangian formulation.

This formulation was used for example by Pantalé et.al. for fully 3D simulation of face

milling, as it is shown in fig. 2.20 [102]. This work is, however, only example found in

literature where FEA was used directly in milling. Other researchers using ALE formulation

are for example: M.R. Movahedy et. al. [103, 104], P. J. Arrazola et. al.[105] or L. Olovson

et. al. [106].

Apart from issues with large number of DOFs and large deformations (potentially leading

to element distortions), the numerical models also suffer from great difficulties of achieving

realistic material models. Umbrello et. al. [95] has compared effects of different material

models on the resulting quantities (stresses and displacements). In his work five different

material models of AISI 316L from different literature sources are used. The resultant chip
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shapes achieved from these simulations are shown in fig. 2.21. It is evident, that the material

models greatly influence the chip shape. This issue is even more challenging in the case of

micro cutting because the material properties on the micro level can be significantly different

than on the macro level.

Fig. 2.20: Illustration of 3-dimensional FE simulation of milling process, [102]

Fig. 2.21: Simulation of chip formation with different material models of AISI 316L [95]

It should also be mentioned that application of FEA in micro milling is very difficult. This

is because of very complex chip formation process requiring 3D models (oblique cutting with
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unsteady uncut chip thickness). Furthermore the computational time of usually used explicit

numerical methods is related to mass of the smallest element (lower mass results in longer

computational time) [107]. Hence, it is evident that the computational times of micro cutting

simulations are extremely long. Therefore, chip formation FEA does not seem as the right

tool for prediction of cutting forces in methods used for estimation of production costs,

quality and time. However, its place seems to be in tool design, where a comprehensive

knowledge about different effects is needed.

2.7.2 Analysis of tool deformations

The forces acting on the tool during micro milling process results in complex

deformations. Generally three types of deformations can be identified as: bending, torsion

and axial buckling. From these three types of deformations bending is the most important. It

is a well known fact that bending stiffness decreases with reducing cross-sectional areas. A

common way of estimating end-mill bending stiffness is by the employment of cantilever

beam theory [108-110]. Based on this theory, the stiffness is proportional to the 4th power of

the tool diameter. However, the simplified analytical solutions give only a very rough

estimation of the tool deformations. Thus, it is not very suitable for micro milling where the

stiffness is very low and needs to be estimated much more accurately than in conventional

milling, and therefore, the actual tool geometry should be considered.

Hence, some researchers use FEA instead of analytical solutions (e.g. all researches

related to the tool design in section 2.3.2 use FEA). Another analysis of micro end-mills with

cutting diameters bellow 0.3 mm was presented by Uriarte et. al. [111]. In this research,

stiffness of Ø0.3 mm tool was found to be 0.056 Nμm-1. This means that a cutting force of 1

N will deflect the tool by approximately 18 μm. However, such deflection is significantly

larger than uncut chip thicknesses typical for this type of tools. Even worse situation is in the

case of Ø0.1 mm micro end-mill which shows stiffness of 0.008 Nμm-1. Hence, it is clear

that the reduction of tool diameter has an enormous effect on tool stiffness and high attention

must be paid to this topic.

2.8 Summary

This literature review shows a broad variety of challenges presented in micro milling. In

the first part are summarised all the main factors affecting micro milling. The first group of
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factors is related to the machine tool. The review of currently available machine tools has

identified two main streams. The first stream, more usual for commercial machine tools, is in

continuous improvements of machine tool stiffness, thermal stability and dynamic

characteristics. These improvements, however, often lead to increasing dimensions. The

second stream, more usual in research, is in reduction of machine tool dimensions. The

experimental machine tools have often desktop dimensions. Furthermore, these machine tools

often use high speed air-bearing spindles which have higher stability than conventional

bearing spindles used in commercial machine tools. However, the experimental machine

tools are often limited in their capabilities and are not yet ready for commercial production.

In the second part of this chapter is reviewed the current state of the micro end-mills.

Micro end-mills represent the weakest point of the whole system. The smallest available

micro end-mills have cutting diameters below 0.1 mm. The absolutely smallest commercially

available tool is a dual-helix micro end-mill with the cutting diameter of 0.01 mm. All

commercial micro end-mills were found to have the identical geometry as their conventional

ancestors. The low interest in the tool design is also proven by absence of any patents related

to micro end-mill design. The situation in research is not significantly better. Although many

researchers have claimed necessity of improvements of micro end-mills, only four

publications related to this topic were identified. Each of the publications targets different

topic (e.g. tool wear, evaluation of new micro end-mills concepts or dimensional

optimisation). However, a systematic methodology dealing with whole scale of micro end-

mill design was not found. However, it is also assumed that if micro milling shall be

competitive manufacturing technology, much higher flexibility of tool designs will be

desired. This is because of an extreme sensitivity of the tools to various factors. Hence, a

development of a systematic methodology and spreading it over micro manufacturing

community is one of the greatest challenges.

Other topics which were reviewed are: state of the development of coatings for micro end-

mills and effects of tool manufacturing technologies. In both cases only a limited research

was identified. The coatings currently used in micro milling are identical with coatings

originally developed for conventional cutters. It is, however, questionable if micro end-mills

could not be protected by different, specially designed coatings. One of potential solutions is

application of nano-layered tough-hard coatings. However, the research on these types of
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protective coatings for micro end-mills is in its beginning phase. Another big issue, which

was identified, is inconstancy of published results (e.g. TiN coating claimed by one

researcher as the best one, is claimed as the worst one by another researcher). This may be

caused by inconstancy of research techniques, but also by inadequate quality of the

experimentally developed coatings.

Another big challenge is manufacturing of micro end-mills. Commercial micro end-mills

are typically manufactured by micro grinding. These tools, however, show large inaccuracies.

This is caused by application of aggressive cutting conditions, which are preferred by

industry because of economical matters. The question is, whether some other more accurate

manufacturing technologies could be used for production of micro end-mills. As the most

promising was identified wire EDM (proven to be able to machine dual helix micro end-

mills). This process, however, produce significant damages on the machined surface and

further research is needed. Another process used for manufacturing of micro end-mills with

diameters of 25 μm is FIB. Disadvantage of this process is, however, its low MRR.

Therefore, it is assumed not to be applicable in industry. Other too potentially applicable

manufacturing processes are micro-ECM and micro LBM. However, no applications of these

two processes on manufacturing of micro end-mills were identified in literature.

In the last part of this chapter is reviewed current state of modelling in micro milling. This

includes mainly chip formation, cutting forces and tool stiffness. Chip formation is mainly

studied by FEA. However, majority of the research in this field is not done directly in micro

milling, but in orthogonal cutting. This is because of extreme computational times of

simulating 3D chip formation. Furthermore, the methods have often problems to solve

processes involving large deformations. As the most promising method seems FEM ALE

formulation which is currently the fastest and the most stable one. However, it is disputable

whether this type of simulations will ever be applicable in micro milling.

Cutting forces are modelled by two different methods: analytical or mechanistic. Both of

these methods are based on relating cutting forces to uncut chip thickness. However, because

of difficulties of determination of shearing plane needed for mechanics models, analytical

solutions are much more popular. Therefore, this type of models is also going to be used in

this research.
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3. Research aim and approach

In this chapter are identified the main objectives and described the structure and approach

of this research. This chapter is divided into two separate sections. The research aim and

objectives are addressed in the first section. In the second section are described the research

structure and approach.

3.1 Research aim and objectives

Micro milling was found a capable manufacturing process. However, its low predictability

prevents it from wider industrial applications. According to literature review no suitable

prediction and planning methods applicable in industry are currently available. Hence, it is

important to increase the knowledge of this process and use it for development of a new

reliable and feasible machining strategies and methods. Therefore, the main aim of this

research may be defined as:

To achieve this aim four different objectives are set for this research:

1. Identify the main factors affecting tool performance and develop an understanding

of them.

2. Based on the knowledge, propose a tool life prediction method.

3. Investigate possibilities of tool life extension through improvements of the tool

geometry.

4. Develop a systematic methodology suitable for designing of micro end-mills.

3.2 Working approach and the structure of this research

The basic approach used in this research is illustrated in fig. 3.1. It is divided into four

main stages. In the first stage is justified this research. Furthermore, relevant research

publications are reviewed and identified current stage of the knowledge. This stage forms

chapters 1 and 2 of this thesis.

To increase reliability of micro milling process through better

understanding of tool performance.



35

The information achieved in the first stage is then used to set the main objectives and

approaches. To support the objectives an experimental study is included in this stage. The

main aim of this study is to identify research challenges and the main factors affecting micro

milling. The objectives are defined in this chapter and the experimental study in chapters 4

and 5.

Fig. 3.1: Illustration of working approach and structure of this research

The third stage (solution & validation) is the most important one of the whole research.

All the methods are developed in this stage. In this particular research are proposed two

different methods. The first one links the input cutting parameters with tool life. The main

novelty of this method is in its statistical character. It is also the first method which tries to

predict tool breakage for real life applications. The second method developed in this research

is a micro end-mill designing method. This method tries to identify suitable designing rules
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and approaches applicable in micro milling. Because of the special character of micro

milling, the future micro end-mills are likely to be more specialised than it is now. It is

assumed that the new, more specialised, micro end-mills will be designed with respect to its

proposed applications. Hence, a general systematic method is assumed to be more valuable

than a new tool design. The solution stage is presented in chapters 6, 7, 8 and 9.

Finally, in the last stage the research is reviewed and its achievements summarized. In

this stage is discussed the main contribution of knowledge achieved during this work and new

topics arising from this research are formulated. This stage is presented in the last chapter of

this thesis.
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4. Experimental equipment

In this chapter is introduced all experimental equipment used in the current research. In

section 4.1 is described KERN EVO precision manufacturing centre. The section 4.2 gives

the basic information about micro end-mills used in this research. This is followed by

description and justification of workpiece material in the section 4.3. Finally, in the section

4.4 is discussed all the measurement equipment used in this research.

4.1 Machine tool

The machine tool used in this research is KERN EVO CNC precision machining centre

[18], see fig. 4.1. To secure the highest possible stability of machining process the machine

tool was located in temperature and humidity controlled environment. The temperature was

maintained on 20°C with maximum fluctuations within 1°C. The humidity was kept on 50

±5% RH. Furthermore, the machine tool was placed on separated floor segment. This

solution provides sufficient insulation from disruptive vibrations which may be induced by

other work performed within the laboratory.

(a) KERN EVO (b) KERN EVO - cutting area

Fig. 4.1: Kern Evo CNC machining centre

KERN EVO represents a state-of-the-art machining centre widely used in research

institutions as well as in industry. The basic description of the machine tool is given in tab.

4.1. The machine tool itself shows excellent stability and positioning accuracy. The machine
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tool provider quotes the positioning accuracy of 1 μm and positioning resolution of 0.1 μm.

This is considered sufficient for all experiments performed during this research.

Table 4.1: Main specification of KERN Evo CNC machining centre [18]

Machine type Micro milling CNC machine
Axes X, Y, Z, B, C
Spindle type Precise hybrid bearing
Spindle speed 0-50000 rpm
Clamping interface HSK-E25
Tool holder Collets
Tool setting BLUM nano
Workpiece setting Touch probe
Resolution 0.1 μm
Positioning tolerance ±1 μm
Feed rate in X, Y, Z 16 mmin-1

Automatic thermal compensation Yes
Lubrication system MQL
Control unit Heidenhain iTNC 530

The machine tool located in Cranfield University is equipped with two different spindles:

1) a hybrid bearing spindle with maximum speed of 50 000 rpm,

2) a hybrid bearing high speed spindle with maximum speed of 160 000 rpm.

However, only the first spindle is used during all experiments covered in this research.

This is because of two main reasons. Firstly, the changing of spindles can affect machining

process. Different spindles can have different dynamic performance, stiffness, run-outs etc.

This could influence the experimental results, and therefore, it is not convenient to use

different spindles. Secondly, each spindle is equipped with different types of collets. The

second spindle has collets which can accommodate only tools with maximum shank

diameters of 3 mm. However, the tools used in this research, have shank diameters of 4 mm.

Hence, only the first spindle could be used.

According to spindles, it is good to mention, that recently two novel Westwind air-bearing

spindles were tested in Cranfield University. These spindles are considered to give better

stiffness and machining stability [112]. Therefore, they seem to be good solution for high

speed micro-manufacturing.
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The machine tool is additionally equipped with a micro-camera which allows real time

process monitoring, thermal compensation system and state-of-the-art BLUM nano [113]

laser measurement system for fast tool setting. The BLUM nano laser system is also used for

fast inspection of the tool diameter during all experiments included in this research. The

capabilities of the system itself are further discussed in section 4.4.

4.2 Micro end-mills

End-mills used in this research are commercial tungsten-carbide square micro end-mills

with diameters of 0.2 mm and 1 mm respectively. The manufacturer of the tools is UNION

TOOL [38]. UNION TOOL is one of the leading micro tools manufacturers and its tools are

widely used in research as well as in industry. The tools with 1 mm diameter were used only

in the initial stage of this research to identify main differences between real micro end-

milling and meso/macro end-milling. The material of the tools is tungsten-carbide with a

cobalt binder (WC-Co). The average grain size of the material is between 0.6 μm to 1 μm.

Some of the tools used in this research were uncoated, some others coated by commercial

coating (TiAlN). Main tool nominal dimensions as given by manufacturer are listed in tab.

4.2.

Table 4.2: Nominal dimensions of tools used in this research

Component Symbol
Values

Ø0.2 mm tool Ø1 mm tool
Total length l 45 mm 45 mm
Shank diameter Ds 4 mm 4 mm
Cutting part length lc 0.4 mm 2 mm
Cutting diameter Dc 0.2 mm 1 mm
Neck angle ψ 15° 15°
Helix angle β 30° 30°

The quality of all tools used in this research was checked by SEM to avoid any damaged

or non-standard tools. The geometry of a typical Ø0.2 mm micro-end mill is shown in fig.

4.2. Because of verification of the dimensions declared by the manufacturer, some of the

main dimensions of 10 randomly chosen tools were measured using SEM micrographs and

compared with declared dimensions. The measured dimensions are: the cutting diameter, the

core diameter, the rake angle, the relief angle, the neck angle and the distance from the tool

tip to the neck. For clarity reasons these dimensions are highlighted in fig. 4.3. Average

values together with minimum and maximum measured values are listed in tab. 4.3.



(b) View 2 - detail of the tool tip

Fig. 4.2: SEM micrographs of uncoated Ø0.2 mm micro end

View 2

View 3

View 4
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(a) View 1 - Overall side view

detail of the tool tip (c) View 3 - detail of the cutting edge

(d) View 4 - front view

SEM micrographs of uncoated Ø0.2 mm micro end-mills

detail of the cutting edge

mills
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(a) Front view

(b) Side view

Fig. 4.3: Illustration of dimensions measured on Ø0.2 mm micro end-mills

Table 4.3: Tools geometry check

Ø0.2 mm
(uncoated)

Ø0.2 mm
(TiAlN)

Ø1 mm
(uncoated)

Ø1 mm
(TiAlN)

Cutting diameter (μm) 180  183
178 184  187

181 977  980
971 979  983

974

Core diameter (μm) 130  133
128 132  133

128 675  680
668 677  683

670

Rake angle (°)  6
35.4 

  5
33.4 

  5
38.3 

  6
30.4 



Relief angle (°)  20
163.18  20

169.17  19
168.17  19

151.18

Neck angle (°)  16
115.13  16

121.14  15
110.14  15

108.13

Tip-neck distance (mm)  955
944952  960

949958  3961
39473950 3956  3978

3950
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All the measured tools were found to have smaller than declared dimensions. The coated

tools were found to have generally larger core and cutting diameters. This was expected, as

an extra material is added onto the finished tool. On the other hand the coating has no effect

on any of the tool angles. It was also found that the measured angles (rake angle, relief angle

and neck angle) are the same for both Ø0.2 mm and Ø1 mm tools.

(a) Overall view (b) Detail of the milled groove

(c) Illustration of the measured coating thickness

Fig. 4.4: Ø0.2 mm Micro end-mill milled by FIB

Three randomly chosen uncoated tools were analysed by Energy Dispersive X-ray

spectrometry (EDS) for identification of the real chemical composition. Details of the EDS

Milled groove
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analysis are covered in Appendix B. Material density of the tool core material (WC-Co) was

also experimentally analysed. The measured chemical composition and density were used for

identification of material properties relevant for FEA. These properties were taken from

www.matweb.com and www.generalcarbide.com [114, 115] and are summarized in tab. 4.4.

Table 4.4: Material properties of WC-Co

Content of tungsten (W) 83% (measured by EDX)
Content of carbon (C) 11% (measured by EDX)
Content of cobalt (Co) 6% (measured by EDX)
Grain size 0.6 - 1.0 μm
Average Density 14 653 kgm3 (measured)
Average modulus of elasticity 645 GPa
Average Poisson’s ratio 0.22
Average transverse rupture strength 2.9 GPa
Coefficient of thermal expansion 4.8  10-6 K-1

Specific heat capacity 340 Jkg-1K-1

Thermal conductivity 70 Wm-1K-1

In the case of the coated tools, the only information from the supplier is the coating

chemical composition (TiAlN). Therefore, three coated tools were milled and measured by

FIB as shown in fig. 4.4. By this analyses, the tool coating was found to be mono-layered and

approximately 1 µm thick.

4.3 Workpiece

(a) Workpiece for tests with Ø1 mm tools (b) Workpiece for tests with Ø0.2 mm tools

Fig. 4.5: Workpiece geometry used in this research

The workpiece material used in this research is tooling steel Toolox 33 [116]. Toolox 33 is

quenched and tempered steel with high impact toughness and low residual stresses.

Therefore, Toolox 33 is suitable for plastic or rubber micro moulds and machine components.
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Relatively low hardness (27 – 35 HRC) makes this material easily machinable. Therefore, it

is in a great demand in different industrial fields.

Material supplied was cut into blocks of 508010 mm3 as it is shown in fig. 4.5a. The

surface of these blocks was ground in order to achieve a suitable flatness and roughness for

micro milling experiments. Such blocks were used for all experiments with Ø1 mm tools. In

the case of the experiments with Ø0.2 mm tools, the side of the workpiece was segmented as

it is shown in fig. 4.5b. This was done because of shorter tool life of Ø0.2 mm tools, and

therefore, necessity of a higher frequency of tool inspections. The workpiece was mounted to

a KISTLER dynamometer (see section 4.4.1) by four screws and the whole setup was

clamped within the KERN EVO as it is shown above in fig 4.1b.

Table 4.5: Chemical composition of Toolox 33

Chemical component Content declared by supplier
(%)

Measured content
(weight %)

Fe 95.2 - 97.0 92.03
C 0.22 - 0.24 0.43
Si 0.60 - 1.10 0.63
Mn 0.80 0.91
P max 0.01 -
S max 0.003 -
Cr 1.00 - 1.20 1.00
Mo 0.30 0.39
V 0.10 - 0.11 0.15
Ni max 1.00 0.46

Chemical composition of the workpiece material was analysed by EDS and compared with

the composition given by the supplier, see tab 4.5. All values, except content of carbon, are in

a good agreement with the declared values. The measured content of carbon is almost twice

as high as the declared one. This is assumed to be because of possible contamination of the

sample surface during handling and preparation. However, as all the experiments in this

thesis are comparative (either comparing different types of tools or used for model

verification), this difference is considered as unimportant and can be accepted.

4.4 Measurement equipment

In this section is summarized and briefly discussed all measurement equipment used

during this research. This includes:
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 KISTLER dynamometer used for all cutting force measurements,

 Scanning electron microscope (SEM) and energy dispersive X-ray spectrometer

(EDS) used for tool inspection,

 BLUM nano laser setting system used for wear monitoring of the tools,

 Talysurf CCI white light interferometer used for analyses of generated surfaces.

4.4.1 Force measurements

Cutting forces were measured by a piezoelectric force sensor Kistler MiniDyn 9256C2

[117], which is shown in fig. 4.6a. The force sensor measures three force components in x, y

and z directions. The sensitivity of the sensor is -26 pC/N in x and z direction and -13 pC/N in

y direction and the threshold 0.002 N. First natural frequency of the sensor is 4 kHz. The

measured signal was amplified and transformed from an electrical charge to a voltage by a

Kistler 4-chanell charge amplifier 5070A [117], which is shown in fig. 4.6b. The range of the

output voltage is ±10 V. The acquisition board used in this research was NI 9215A [118] with

a maximum sampling rate of 100 kHz and a resolution of ~0.003 V.

Two different measuring ranges were used for experiments with Ø1 mm tools and Ø0.2

mm tools. In the first case the measuring range was setup to ±20 N whereas in the second

case the measuring range was only ±10 N. These ranges were chosen with attempt to

maximize measuring resolution and with respect to forces measured during few initial tests.

Both ranges are expected to be high enough to prevent a cut-off of the maximum cutting

forces during the planned experiments.

The measurement system total resolution was calculated for each of the above cases from

the relation 4.1.

Total resolution =
Resolution of acquisition board

�����ϐ���output voltage
∙ Force range (4.1)

In the case of ±20 N range the calculated resolution is 0.006 N, whereas in the case of

±10 N range the calculated resolution is 0.003 N.
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(a) Force sensor Kistler MiniDyn Type9256C2 (b) Kistler 4-chanell charge amplifier type 5070A

Fig. 4.6: Dynamometer KISTLER MiniDyn 9256C

The sampling frequency used in all experiments was set to 40 000 samples per second.

This high sampling frequency was chosen with respect to rotational speeds usually used in

micro milling (between 10 000 rpm and 40 000 rpm). Lower sampling rate per tool rotation

would increase a risk of missing the maximum force, and therefore, significantly decrease the

confidence in the measured data. An example of a typical force signal measured during this

research is shown in fig. 4.7. In all cases presented in this thesis the measurement was started

before and stopped after cutting process as it is shown in fig. 4.7a. This is because of

identification and, if necessary, a compensation of any signal drift. In fig. 4.7b is shown a

detail of the measured signal with highlighted data points. It is evident that the chosen

sampling frequency is sufficiently high for the intended measurements.

Another important factor affecting the measurement accuracy is a signal noise. This noise

may be produced either by environmental fluctuations or electrical noise. By location of the

machine tool in an environmentally controlled room should be minimized the effects of the

temperature and the humidity fluctuations. Furthermore, as the machine tool is located on an

isolated floor block, the effect of environmental vibrations is also assumed to be negligible.

The noise induced by the measuring system itself was analysed by running a measurement

without any physical load. The amplitude of the measured signal was less than 0.007 N. This

is in good agreement with a noise measured by M. Malekian who had used the same

measuring system in his research and measured the noise of approximately 0.005 N [119].

Such noise level is insignificant compared to the cutting forces.
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Fig. 4.7: An example of a measured force signal measured during experiments with Ø0.2 mm tools

(30 000 rpm, fz = 2 μm/tooth, ap = 100 μm and ae = 20 μm)

4.4.2 Scanning electron microscope and energy dispersive X-ray

spectrometer

All tools were inspected by a scanning electron microscope (SEM). The SEM is based on

scanning of a sample surface by a narrow electron beam. The electrons interact with the

surface atoms and so produce different signals which can be used for characterisation of the

material composition, the surface topography or electrical conductivity. The main advantages

of the SEM compared with optical microscopes are: very high resolution (typically 1nm to 20

nm), magnifications from 10x up to 500 000x and large depth of field.

The SEM used in this research is equipped with backscattered and secondary electron

detectors. The first one is used mainly for an easy differentiation between various materials.

An example of backscattered image is shown in fig. 4.8a. In this particular case two different

materials can be identified. The first material is WC-Co (appears as brighter) and the second

material is the workpiece steel (appears as darker). On the other hand, secondary electron

detector is more useful for imaging of surface topography. An example of this type of image

is shown in fig. 4.8b.

Furthermore, the SEM used in this research is equipped with an energy dispersive X-ray

spectrometer (EDS). EDS is a technique used for chemical characterisation of a sample. It

relies on an analysis of an interaction of X-rays with the sample. EDS represents a non-

destructive, reliable and fast method. In this research it was mainly used for an identification

of the tool and the workpiece materials.



(a) Backscattered electron image

Fig. 4.9: SEM output resolution as a function of magnification

Although it was stated above that the SEM resolution is between 1 nm and 20 nm, it is not

exactly truth. The output resolution is not affected only by the microscope resolution, but also

by the resolution of the computer image. However, as the image size (71

remains constant for all cases, it is evident that the output resolution is a function of the

magnification. The function was determined from numerous of SEM images taken during this

research as:

Total resolutio
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(a) Backscattered electron image (b) Secondary electron image

Fig. 4.8: Examples of SEM images

SEM output resolution as a function of magnification

though it was stated above that the SEM resolution is between 1 nm and 20 nm, it is not

exactly truth. The output resolution is not affected only by the microscope resolution, but also

resolution of the computer image. However, as the image size (71

remains constant for all cases, it is evident that the output resolution is a function of the

magnification. The function was determined from numerous of SEM images taken during this

resolution = 1.90 ∙ 10ହ ∙ �����ϐ�������ିଵ.଴ଵ

(b) Secondary electron image

SEM output resolution as a function of magnification

though it was stated above that the SEM resolution is between 1 nm and 20 nm, it is not

exactly truth. The output resolution is not affected only by the microscope resolution, but also

resolution of the computer image. However, as the image size (712 x 484 pixels)

remains constant for all cases, it is evident that the output resolution is a function of the

magnification. The function was determined from numerous of SEM images taken during this

(4.2)
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The resulting trend is plotted in fig. 4.9.

It is evident that only the highest possible magnification should be used to take

measurements in order to minimize the measurement error.

However, the resolution is not the only source of the measurement errors. As the tool has a

complex 3-dimensional shape, special attention must be paid to positioning of the tool. A tilt

about any of the axis may cause a reduction of the measured dimensions. In fig. 4.10 is

shown a relation between a relative error and the tilt (φ). The relative error was calculated as

a ratio of the dimensional reduction and the real dimension. It was calculated from the

following relation:

Relative error = (1 − cosφ) ∙ 100% (4.3)

This means that if the cutting diameter of the Ø0.2 mm tool is measured and the tilt about

the tool axis is 5°, the error will be 0.5 μm. Furthermore, if the effect of the output resolution

is assumed, the total error is approximately 1 μm. This error is insignificant in compare with

the measured diameter.

(a) The range of 0° - 90° (b) Detail of the range of 0° - 5°

Fig. 4.10: Relative error caused by tilt of the sample

If smaller dimension, such as tool flank wear (VB) is measured, the magnification can be

proportionally increased. This leads to an increase of the resolution and consequently in a

reduction of the absolute error. The error caused by the tilt cannot be absolutely eliminated,

but can be significantly reduced by carful setting of the tool within the microscope chamber.
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Focusing is the last important source of measurement uncertainties. As the tool has a

complex shape, it is difficult to focus accurately to the measurement plane. However, as the

depth of field of SEM is typically larger than the one of common optical microscopes, it is

more appropriate to use SEM for measurements of micro end-mills.

All the properties of the SEM make it a suitable measurement method for the current

research. Another technique, which may be assumed for the tool measurements, is a confocal

optical microscope [120]. Advantages of this technique are a high measurement speed and

acquisition of 3D information about the tool. However, this type of microscope is currently

not available in Cranfield university.

4.4.3 BLUM nano laser setting system

Fig. 4.11: Illustration of the BLUM nano laser setting system [113]

In the section 4.2 was briefly mentioned the BLUM nano laser setting system [113], which

is a part of the KERN EVO machining centre located in Cranfield University. The system

works on a principle of crossing the laser beam by a rotating tool as it is shown in fig. 4.11.

During this research the system was found extremely helpful for a fast in-situ tool inspection.

The system uses a visible red light laser with wavelength of 630-700 nm and with a power of
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less than 1 mW. The repeatability of the system declared by the manufacturer is 0.1 μm and

the manufacturer clams the system to be suitable for inspection of tools with cutting

diameters down to 5 μm.

Except of setting of the tool, the BLUM nano was used in this research for fast

measurement of tool wear. In this case, the tool wear is measured in sense of a reduction of

the tool cutting diameter. The tool diameter was regularly measured after a defined milling

distance, and then the tool cutting diameter reduction was calculated.

4.4.4 White light interferometer

The main interest of this research is a prediction of tool life. However, in the next section

of this thesis are covered some experiments comparing performance of different types of

tools (coated/uncoated, Ø0.2 mm and Ø1 mm). These experiments include a study of

generated surfaces. Because of small depths and widths of cut typical for micro milling,

conventional methods based on contact stylus measurements are inapplicable. On the other

hand methods developed for characterization of nano-structured surfaces, such as atomic

force microscopy (AFM), are inapplicable because of low lateral and vertical ranges.

Furthermore, both AFM and stylus methods are based on scanning of the surface, and

therefore, they are usually used only for characterisation of selected profiles.

Fig. 4.12: Taylor Hobson Precision Talysurf CCI 6000 [121]
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As the most appropriate measuring technique for the surfaces generated by micro milling

was identified white light interferometry (WLI). The technique is based on interference of

optical waves, and it is able to measure a surface over an area in a very short time (typically

only tens of seconds). In this research was used Tailor Hobson Talysurf CCI 6000 [121],

which is shown in fig. 4.12. The instrument is located in a temperature and humidity

controlled environment to ensure minimum surface deviations due to environmental

fluctuations. The instrument is equipped with 5 lenses with magnifications of 2.5x, 5x, 10x,

20x and 50x. However, in this research was used only the lens with the magnification of 50x.

The vertical resolution (z) is 0.1 nm, measurement noise 0.05 nm, optical (lateral) resolution

(xy) 0.4-0.6 μm, measurement area 0.36 mm x 0.36 mm and a maximum slope 27.7°. RMS

repeatability is declared by the manufacturer to be 0.003 nm.
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5. Experimental study of micro end-milling performance

5.1 Motivation and objectives

In chapter 2 was stated that micro milling has been developed from conventional milling

by continuous scaling down. Therefore, it is assumed that main mechanisms are the same in

both cases. However, it is also well known that different scaling factors play an important

role on tool performance. For example, an increasing ratio between the cutting edge radius

and the uncut chip thickness changes the proportion between ploughing and shearing

mechanisms and may lead to a non-linear trend of maximum cutting forces. Another example

is a rapid reduction of tool stiffness which can result in a poorer surface finish or in

premature tool breakage.

The above mentioned effects are only a selection of all possible issues arising from scaling

down. There are many other factors which may play more or less significant role in micro

milling, and which are not yet fully understood.

Therefore, the main aim of this chapter is:

This is, however, very broad aim and it would not be feasible to answer all the important

questions in this research. In order to gain strong confidence in the measured data, large

number of repetitions on different machine tools and in various (but well monitored and

controlled) environments would be necessary. Furthermore, different materials and different

tools (e.g. tools with various cutting edge radii) should be used for study of specific effects.

This is, however, not possible, and therefore, the tests presented here give only a brief insight

into micro milling. The main attention is paid to issues related with prediction of tool life.

This includes study of tool wear and cutting forces.

Furthermore, micro milling process lies in a shadow zone between nano and macro world.

It was found that measurements in this zone are the most difficult ones. In many cases

To familiarize with micro milling process and identify significance of

scaling effects on micro milling performance.
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measuring methods developed for applications in macro scale has not sufficient resolution,

but on the other hand, the methods developed for nano applications are too slow and suffers

from low range. Therefore, the secondary objective of this chapter is:

Results arising from this secondary objective will be used later in this research for design

of verification tests.

5.2 Experimental method

Fig. 5.1: Experimental plan (flowchart)

To verify reliability of used measurement methods, and if possible,

suggest more suitable ones.
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In fig. 5.1 is illustrated the experimental procedure used in this chapter. In the first step are

planned all the experiments performed in this chapter. This includes: decision on number of

experiments (see section 5.2.1) and definition of cutting parameters (see section 5.2.2).

Workpiece used in this research is the same one as described in section 4.3. This means

that in the case of Ø1 mm tool the cutting length per test is 80 mm and in the case of

Ø0.2 mm tool the length is 15 mm. All tests in this research are run as dry milling. This is

because an application of a coolant/lubricant increases the number of input parameters and

consequently results in higher process uncertainty.

Tests are performed as side milling. After each cut the tool is moved perpendicularly to

feed direction with a step equal to the defined width of cut. Cutting forces are measured

during every test (see section 5.2.3). After that the tool is cleaned by alcohol and pressurized

air and measured by laser. Furthermore, after every fifth cut the tool and workpiece are

removed from the machine tool for detailed inspection. SEM images of the tool are taken and

analyzed, and generated surface is measured by WLI. This approach is repeated until any of

the defined life criteria is reached. After that, the broken tool is inspected by SEM. This

procedure is performed for every experiment defined in the experimental space until all tests

are done.

Finally life criteria must be set. Two types of criteria are used in this research. The first

one is tool breakage. This criterion is expected to be more relevant for Ø0.2 mm tools, where

the tool is more likely to break. The second criterion is related to tool wear. It can be either

related to absolute wear measure (e.g. VBB ≥ VBB max or ΔDc ≥ ΔDc max etc.) or to relative

measure (e.g.
௱஽೎

஽೎
∙ 100% ≥ Specified %). In this research the second type of criterion is set

as:

௱஽೎

஽೎
∙ 100% ≥ 5% (5.1)

Where Dc is the cutting diameter and ΔDc is a reduction of the cutting diameter.

5.2.1 Definition of experimental space

The experiments presented in this chapter are planned as comparison tests and they are not

supposed to be used for mapping of output measures. Therefore, the experimental space is



56

reduced to one set of tests for each tool type. On the other hand, more than one tool type must

be used. In this research are analysed four different types of tools. The first type is uncoated

square end-mill with diameter of 1 mm. This tool represents a large tool which can be

classified as a macro end-mill. The second tool type used in this research is uncoated square

end-mill with diameter of 0.2 mm. This tool represents one of the smallest micro end-mills

currently available in the market, and machining with this tool is expected to be strongly

affected by all scaling effects. The third and fourth tool types are commercially coated end-

mills with both 0.2 mm and 1 mm diameters. These two types are included in this research in

order to investigate the effects of the coating in micro milling. The commercial coatings

currently applied in micro milling were identified as identical with the ones developed for

conventional machining. However, as all the scaling effects are not yet fully understood, it is

possible that these coatings will not perform as expected and in result they will have negative

or negligible effect.

Because of concerns about the repeatability of micro milling process, each cutting test is

repeated three times. Three repetitions were chosen as a minimum number of experiments

which can indicate an issue with repeatability.

Hence, the complete number of experiments performed in this chapter is twelve as they are

summarized in tab. 5.1.

Tab. 5.1: Experimental space (summary of experiments ran in this chapter)

No. Tool type
Cutting
speed

Feed
Depth
of cut

Width
of cut

1 Ø0.2 mm (uncoated) v1 fz1 ap1 ae1

2 Ø0.2 mm (uncoated) v1 fz1 ap1 ae1

3 Ø0.2 mm (uncoated) v1 fz1 ap1 ae1

4 Ø0.2 mm (coated) v1 fz1 ap1 ae1

5 Ø0.2 mm (coated) v1 fz1 ap1 ae1

6 Ø0.2 mm (coated) v1 fz1 ap1 ae1

7 Ø1 mm (uncoated) v2 fz2 ap2 ae2

8 Ø1 mm (uncoated) v2 fz2 ap2 ae2

9 Ø1 mm (uncoated) v2 fz2 ap2 ae2

10 Ø1 mm (coated) v2 fz2 ap2 ae2

11 Ø1 mm (coated) v2 fz2 ap2 ae2

12 Ø1 mm (coated) v2 fz2 ap2 ae2
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5.2.2 Definition of cutting parameters

The cutting parameters recommended by tool supplier [38] for steels with hardness of

approximately 30 HRC are summarized in tab. 5.2. However, the cutting conditions are

derived directly from macro milling and do not respect specifics of micro milling. The

submicron feed per tooth (fz) recommended by the supplier for Ø0.2 mm tools is almost four

times smaller than the cutting edge radius which is usually between 1.5 μm and 2 μm. Also

the recommended depth of cut (ap) looks excessive in comparison with values typically used

in research publications. Therefore, cutting conditions for micro milling recommended by

tool manufacturer are assumed unrealistic and they are not used in this research.

Table 5.2: Cutting parameters recommended by UNION TOOL co. [38]

Tool diameter (mm) vc (mmin-1) fz (mm/tooth) ap (mm) ae (mm)

Ø0.2 20 - 40 0.00033 - 0.00066 0.3 0.02
Ø1.0 35 - 40 0.0015 - 0.0018 1.5 0.1

The main aim of these tests is a comparison of performance of tools with two different

cutting diameters. Therefore, it is advantageous to relate the cutting parameters to the cutting

diameter (Dc) instead of choosing specific values for each tool type. The only exception is

cutting speed which is kept constant for all tests. The definition of the speed is done in three

steps. First, the rotational speed for the tool with diameter of 0.2 mm is chosen. Then the

cutting (circumferential) speed is calculated from relation 5.2. Finally, the rotational speed

for the tool with diameter of 1 mm is calculated. This approach is applied because the speed

used by the machine tool is expressed as rotational speed and not as cutting speed.

݉]௖ݒ ∙ ݉ ݅݊ ିଵ] =
2 ∙ ߨ ∙ ݉݌ݎ [݉ ݅݊ ିଵ] ∙

݉݉]௖ܦ ]
2

1000

(5.2)

The rotational speed for the tool with cutting diameter of 0.2 mm was set to 25 000 rpm.

This value was chosen because the machine tool shows extensive vibrations when speeds

over 35 000 rpm are used. Hence, higher rotational speeds may cause undesirable process

instabilities. To the rotational speed of 25 000 rpm and cutting diameter of 0.2 mm

corresponds the cutting speed of 15.71 mmin-1. As it was mentioned above, this cutting

speed is kept constant also for the tool with diameter of 1 mm. Hence, by a reverse

calculation was obtained rotational speed of 5 000 rpm for the large tool.
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The feed rate, the depth of cut and the width of cut are defined by relations 5.3, 5.4 and 5.5

respectively. These relations are based on previous experience of technical and research staff

(namely Mr. John Hedge and Dr. Tan Jin).

௭݂[݉݉ [ℎݐ݋݋ݐ/ = 0.02 ∙ ݉݉]௖ܦ ] (5.3)

௣ܽ[݉݉ ] = 0.5 ∙ ݉݉]௖ܦ ] (5.4)

௘ܽ[݉݉ ] = 0.1 ∙ ݉݉]௖ܦ ] (5.5)

Finally, the numerical values used in these experiments are summarized in tab. 5.3.

Table 5.3: Cutting parameters used in these tests

Tool diameter (mm) RPM (min-1) fz (mm/tooth) ap (mm) ae (mm)
Ø0.2 25 000 0.004 0.1 0.02
Ø1.0 5 000 0.02 0.5 0.1

5.2.2 Analysis of cutting forces

The cutting force is perhaps the most important measure used for analysis of any cutting

process. Therefore, it is the first measure which is monitored and analyzed during these tests.

The cutting forces are measured by KISTLER dynamometer (see chapter 4). Three force

components are measured in x, y and z directions. An example of a measured force signal is

shown in fig. 5.2. The measured signal was compensated for a drift and disassembled as it is

shown in fig. 5.3, where the red part of the signal corresponds to force acting on the first

cutting edge and the blue part corresponds to the force acting on the second cutting edge.

This procedure facilitates to study the forces acting on each of the cutting edges separately,

and hence, achieve deeper understanding of the process.

The disassembled signal was further processed and maximum, minimum and root mean

square (rms) values for each cutting edge engagement (each red or blue block in fig. 5.3)

were calculated. These values were saved in a matrix in which every line has the following

format: [number of engagement, Fx min, Fx max, Fx rms, Fy min, Fy max, Fy rms, Fz min, Fz max, Fz rms,

Ftot min, Ftot max, Ftot rms]. Then average values and standard deviations for the whole milling

distance, excluding first and last 2% of the signal, were calculated and used to plot force

trends. The initial and termination periods of the measurements were excluded because they
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are affected by transition effects (see fig. 5.1) which are not studied in this research. In the

case of the experiments presented in this research these transition zones represent only

approximately 2% of the whole signal, and therefore, they are not assumed to have a

significant effect on tool life.

Fig. 5.2: An example of force signal measured during tests with Ø0.2 mm micro end-mill

Fig. 5.3: Example of a disassembled force signal in feed direction
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5.2.3 Analysis of tool wear

Fig. 5.4: Typical wear pattern of carbide tool [15]

Tool wear is another important factor which must be monitored and analysed. In fig. 5.4 is

illustrated a typical wear pattern of carbide tools. Two main types of wear can be typically

distinguished as: the flank wear and the crater wear. According to Stephenson and Agapiou
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[15] the flank wear is usually characterized by four measures: VBB, VBBmax, VBN and VBC.

Crater wear is characterised by its maximum depth (KT), distance of the maximum depth

from the original face (KM), the crater front distance (KE) and crater width (KF).

If these measures will be presented in the wear patterns, they all will be measured and

analysed. All the values will be measured periodically after every five cuts. This frequency of

measurements is chosen because of two main reasons. First, tool life is not well known and

higher frequency of measurements reduces a risk of missing important information.

Secondly, for each of these measurements the tool must be removed from the machine tool.

This increases experimental time, costs and also uncertainty. This is undesirable, and

therefore, the measurements should be reduced to a minimum. Hence, one measurement per

five cuts was chosen as a reasonable compromise.

(a) Illustration of tool wear (b) Detail of a cutting edge

Fig. 5.5: Illustration of tool wear and tool cutting radius reduction

Because of very small measures characterizing tool wear (increments of less than 1 μm per

five cuts are expected) and complex shape of the tool, SEM imaging was chosen as the most

appropriate measuring method (see discussion in chapter 4). However, the SEM is a time

consuming and expensive method. Therefore, it is often not applicable in an industrial

environment. Furthermore, frequent removal of the tool from the machine tool increases risks

and costs. Therefore, it is worth to investigate other possibilities of characterizing tool wear.

In this research it is proposed to use BLUM laser setting system (see chapter 4). It is assumed

Original face
of the tool

Cutting diameter
measured after i-cuts
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that the system can be used for measurements of cutting diameter reduction (ΔDc = 2·ΔR), 

and then ΔR can be analytically related to VBB as it is illustrated in fig. 5.5. This method

seems to be a promising alternative to SEM measurements. The main advantages of the laser

measurements are: low time and cost demands, and no need for tool removal. On the other

hand, disadvantages are: lower resolution and less information about tool wear. In order to

investigate possibilities and reliability of this approach, all tools are measured by the laser

after every single cut in three locations ( ଵ݈ =
ଵ

଺
∙ ௣ܽ, ଶ݈ =

ଵ

ଶ
∙ ௣ܽ , ଷ݈ =

ହ

଺
∙ ௣ܽ) as they are

illustrated in fig. 5.6.

Fig. 5.6: Illustration of laser measurement locations

Except of the quantitative wear measurements and study of wear patterns, wear

mechanisms are also studied in this research. In conventional cutting are typical three main

mechanisms of tool wear: mechanical (can be further classified as abrasion, chipping and

surface fatigue), adhesive and thermal [122]. Because of low cutting temperatures presented

in micro milling, it is not expected to observe any type of thermal wear. On the other hand,

mechanical wear (especially abrasion and micro chipping) are expected to be the dominant

wear mechanisms. This, however, must be confirmed experimentally, and therefore, all SEM

images taken during these tests are analysed for characteristic of signs different wear

mechanisms.
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5.2.4 Analysis of generated surface quality

Generated surface roughness is the last characteristic analysed during these experiments.

All measurements are performed on Tailor Hobson Talysurf CCI 6000 white light

interferometer (for further details see section 4.4.4). This measurement method allows

analysing areal surface parameters instead of traditionally used profile parameters.

During this research are analysed only side walls. This is because only a very small

surface is generated on the bottom and it is not possible to measure it. The reason for inability

of measuring the bottom surface is a short focal length of the used method and difficulties of

surface roughness measurements under sharp angles. However, also the information about the

side wall surface roughness is valuable. These surfaces are generated in such products as

micro channels.

Fig. 5.7: Illustration of generated surface and WLI measurement points (Ø1 mm tools)

Fig. 5.8: Illustration of generated surface and WLI measurement points (Ø0.2 mm tools)



However, the WLI is limited in size of the measured area (0.36 mm x 0.36 mm).

Therefore, the measurements are taken only in 10 separated locations as it is il

5.7 and fig. 5.8. The parameter measured during this research is the areal average surface

deviation (Sa). Although the other surface parameters might be of interest in some

applications, this one is the most common measure of surface qua

industry.

5.3 Results and discussion

5.3.1 Wear patterns and wear mechanisms

(b) Nose wear

Fig. 5.9: Example of tool wear (Ø0.2 mm coated tool, BSE images)
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However, the WLI is limited in size of the measured area (0.36 mm x 0.36 mm).

Therefore, the measurements are taken only in 10 separated locations as it is il

5.7 and fig. 5.8. The parameter measured during this research is the areal average surface

). Although the other surface parameters might be of interest in some

applications, this one is the most common measure of surface quality used in research and

5.3 Results and discussion

5.3.1 Wear patterns and wear mechanisms

(a) Flank wear

(c) Rake wear

Example of tool wear (Ø0.2 mm coated tool, BSE images)

However, the WLI is limited in size of the measured area (0.36 mm x 0.36 mm).

Therefore, the measurements are taken only in 10 separated locations as it is illustrated in fig.

5.7 and fig. 5.8. The parameter measured during this research is the areal average surface

). Although the other surface parameters might be of interest in some

lity used in research and

(c) Rake wear

Example of tool wear (Ø0.2 mm coated tool, BSE images)
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Independently on the test case, all wear patterns show similar characteristics. The flank

wear is easily observable in all test cases. In all cases the flank wear shows its maximum near

to the tool tip and minimum on the top of the cut (see fig. 5.9a). Notch wear was not observed

in any case. Nose wear was also observed in all tested cases (fig. 5.9c). On the other hand,

any sign of wear was not observed on the rake faces (see fig. 5.9b). Hence, craters are highly

unlikely to form in micro milling. No difference in wear patterns were observed between Ø1

mm tools and Ø0.2 mm tools.

Three main wear mechanisms observed during these experiments are:

 micro chipping of the cutting edge,

 abrasive wear,

 material adhesion.

Micro chipping of the cutting edge

Fig. 5.10: Magnification of a chipped cutting edge (front view)

Milling is an intermittent process. This results in cyclic impacts which can initiate small

cracks which can lead to chipping of the cutting edge. Especially in the initial phase of

machining the risk of edge chipping is high. This is because of small contact area between the

cutting edge and the workpiece leading to high stress. Characteristic sign of the presence of

this mechanism is rapid reduction of the tool cutting diameter. Also the new cutting edge
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surface is rougher than the one generated by abrasion. An example of chipped cutting edge is

shown in fig. 5.10.

Chipping was identified in all of the tested cases. However, in the tests with Ø1 mm tools

it was found to be significant only in relatively short initial phase, as in the later phase

abrasion becomes more important. This was also confirmed by quantitative measurement

presented later in this chapter. Furthermore, in all cases the chipping was identified mainly on

the cutting edge tip. This is because this part of the cutting edge experience the highest

impact energy.

Abrasive wear mechanism

Abrasion is the second wear mechanism observed during the tests. Because it is generated

by ploughing of hard micro particles over the tool cutting edge, the generated surface is

typically smoother than in the case of chipping (which is caused by sudden breakage of the

edge). It can also be identified by its typical marks in the direction of the tool movement, see

fig. 5.11. The abrasive wear gradually decreases the tool cutting diameter and can cause

geometrical inaccuracies of the machined part. Furthermore, because a larger surface of the

flank face is in contact with the workpiece, a poorer surface quality and higher forces are

likely to be generated. Abrasive wear was observed with all types of tools used in these

experiments. However, coated tools show significantly lower wear rates than uncoated ones.

Fig. 5.11: An example of surface generated by abrasion
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Material adhesion and Build-up-edge

Although material adhesion is not a typical wear mechanism, it may lead to build-up-edge

(BUE) which can cause chipping and breakage of the cutting edge. Furthermore, BUE

generally leads to poorer cutting edge quality and also may increase the cutting edge radius.

Both of them affect cutting mechanism and the final product quality. Therefore, it is

important to understand if this mechanism is present in micro milling. In several cases the

SEM images taken during these tests confirmed this mechanism. Two examples of back-

scattered electron images are shown in fig. 5.12. In the first figure is shown an uncoated tool

with a little amount of adhered material. In this case it is not expected to have an significant

effect on the cutting mechanism. However, in the second case, shown in fig 5.12b, is a well

developed BUE. Such amount of adhered material already significantly changes the cutting

edge and can have a serious effect on cutting process. It should also be mentioned that BUE

was more often observed in the case of Ø0.2 mm tools than in the case of Ø1 mm tools. This,

however, does not mean that the BUE is presented only in micro milling.

(a) An example of adhered material on (b) An example of developed BUE

an uncoated Ø0.2 mm micro end-mill on a coated Ø0.2 mm micro end-mill

Fig. 5.12: Examples of adverted workpiece material on a cutting edge

5.3.2 Comparison of SEM and laser measurements of tool wear

In this subsection is compared wear measured by SEM and BLUM laser system. In fig.

5.13 is shown a reduction of the cutting tool diameter as functions of an average flank wear

VBB. The measured values are compared with theoretical functions which have been

achieved graphically for each tool dimension. Both theoretical functions, for Ø0.2 mm and



68

Ø1 mm tools, show linear trends and can be expressed by equations 5.6 (for Ø0.2 mm tool)

and 5.7 (for Ø1 mm tool) respectively.

஼ܦ∆
∅଴.ଶ௠ ௠ = 0.380 ∙ ஻ܤܸ

∅଴.ଶ௠ ௠ + 0.0058 (5.6)

஼ܦ∆
∅ଵ௠ ௠ = 0.336 ∙ ஻ܤܸ

∅ଵ௠ ௠ + 0.435 (5.7)

(a) Ø0.2 mm end-mills

(b) Ø1 mm end-mills

Fig. 5.13: Relation between cutting tool diameter reduction and average flank wear
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The measured values were always measured on three tools of the same type and in three

locations as it is illustrated in fig. 5.6. The error bars in fig. 5.13 illustrate a difference

between maximum and minimum measured values, where each data point represents an

average value measured on a single tool. It is evident, that in all four studied cases, the

measured values follow the theoretical function. An average absolute error for each of the

four cases was calculated from equation 5.8, where N is a total number of data points.

௔௕௦ܧ =
∑ ܽ ௠ݕ)ݏܾ ௘௔௦௨௥௘ௗ − ௧௛௘௢௥௘௧௜௖௔௟)ேݕ

ܰ

(5.8)

Another way of analysing the error is an average error calculated from equation 5.9. In this

case the data point errors can gain both positive and negative values. This analysis gives an

indication about distribution of the data points round the theoretical function. This is because

positive and negative values subtract from each other and results in a small value. Hence, if

the values are equally distributed below and above the theoretical function, the resulting error

is equal to zero.

ܧ =
∑ ௠ݕ) ௘௔௦௨௥௘ௗ − ௧௛௘௢௥௘௧௜௖௔௟ேݕ )

ܰ

(5.9)

Interesting information gives also a relative error. This is calculated from equation 5.10

and gives information about significance of the error.

%ܧ =
∑ ܽ ቀݏܾ

௠ݕ ௘௔௦௨௥௘ௗ − ௧௛௘௢௥௘௧௜௖௔௟ݕ
௧௛௘௢௥௘௧௜௖௔௟ݕ

ቁே

ܰ
∙ 100%

(5.10)

All three types of errors are summarized in tab. 5.4. In all cases the relative error does not

exceed 10%. This error is assumed to be acceptable for fast tool inspections. Furthermore, the

error E is in all cases less than 100 nm (except Ø1 mm coated tool). This signalizes an even

distribution of the measured values around the theoretical function.

Hence, the BLUM laser setting system was found to be a reliable and time effective

alternative to SEM measurements of tool wear. It is also assumed to be more suitable for

industrial applications, where it is not possible to remove the tool for periodic checks. This

method also facilitates to inspect the tool more frequently than SEM. Therefore, in the rest of
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this research the tool wear will be inspected only by BLUM laser system. Only in the cases

were more detailed analysis is required SEM will be used to support the results.

Table 5.4: Summary of the calculated errors

Tool type Eabs (µm) E (µm) E% (%)
Ø0.2 mm (uncoated) 0.19 -0.013 9.4%
Ø0.2 mm (coated) 0.21 0.057 8.9%
Ø1 mm (uncoated) 0.56 0.026 5.8%
Ø1 mm (coated) 0.62 -0.12 6.9%

5.3.3 Quantitative analysis of tool wear

In fig. 5.14 is shown measured wear as a function of the milling distance. Each data point

in the graphs represents an average value measured on three tools of the same type. The error

bars illustrates standard deviations calculated for each data point. Furthermore, linear trends

of the wear progression are also plotted in the graphs. In the first graph are compared tools

with the cutting diameter of 0.2 mm (coated and uncoated). Both tool types show linear trend

of wear progression. However, the coated tools wear slower than the uncoated. The reduction

of tool wear was an expected benefit of the coating and can also be observed in the graph

comparing Ø1 mm tools.

(a) Ø0.2 mm end-mills (b) Ø1 mm end-mills

Fig. 5.14: Comparison of wear progress of uncoated and coated tools for cutting conditions

vc = 15.71 mmin
-1

, fz = 0.02  Dc, ap = 0.5  Dc, ae = 0.1  Dc

In the case of Ø1 mm tools the wear trends show two main stages. Within each of the

stages wear progresses linearly. However, in the first stage it is faster than in the second one.

This difference is most likely because of different mechanisms dominating the first and the
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second stage respectively. When the tool is new, the cutting edge is very sharp. Hence, the

contact area between the cutting edge and the workpiece is very small. This can lead to

extensive stresses and consequently in cutting edge chipping. When the wear progresses the

contact area increases and chipping is less probable to appear. On the other hand abrasion is

assumed to become dominant. These results in reduction of wear progression.

In the case of Ø1 mm tools an application of the coating has resulted in reduction of wear

by ratio of 1.6 in the first phase and 2.4 in the second phase. Whereas in the case of Ø0.2 mm

tools the ratio was found to be only 1.4. This indicates a lower effect of the coating on

reduction of wear in the case of micro end-mills. It is also evident that the coating effect is

significantly higher in the second phase (observed only in the case of Ø1 mm tools) than in

the first one. This is assumed to be because of lower effect of the coating on prevention of

chipping than abrasion. However, this was not further analysed in this research, and

therefore, it cannot be confirmed.

(a) Wear progress (b) Ratio of tool wear/ tool diameter

Fig. 5.15: Comparison of wear progress of Ø0.2 mm and Ø1 mm uncoated tools for cutting conditions

vc = 15.71 mmin
-1

, fz = 0.02Dc, ap = 0.5Dc, ae = 0.1Dc

In fig. 5.15 is compared cutting radius reduction of uncoated end-mills with diameters of

Ø1 mm and Ø0.2 mm. The first graph shows absolute values (as measured). In this case is not

observed any significant difference between the values. This observation is not surprising

because a length of cut (distance over which the cutting edge is in a contact with the
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workpiece) is the same for both Ø1 mm and Ø0.2 mm. This can be proven from the following

equation:

ܮ݁ ℎݐ݃݊ ݂݋ =ݐݑܿ
݉ ݈݈݅݅݊݃݀ ݐܽݏ݅ ݊ܿ݁

௭݂
∙ ܽ ൬ݏܿ݋

ܴ௖− ௘ܽ

ܴ௖
൰∙ ܴ௖ (5.11)

By substitution of ae and fz by relations 5.3 and 5.5 will this equation get the following

form:

ܮ݁ ℎݐ݃݊ ݂݋ =ݐݑܿ
݉ ݈݈݅݅݊݃ ݀ ݐܽݏ݅ ݊ܿ݁

0.04
∙ ܽ 1)ݏܿ݋ − 0.2) (5.12)

From the equation 5.10 is evident that the length of cut is in this particular case not

dependent on the cutting radius (or cutting diameter) and only variable in this equation is

milling distance. Hence, it is clear that if the milling distance is the same for both studied

cases, also the length of cut will be the same.

However, different situation can be observed when the cutting diameter reduction is

related to the tool cutting radius. In fig. 5.10b are plotted ratios of cutting radius reduction

and nominal cutting radius. It is evident that the ratio is significantly higher in the case of

Ø0.2 mm tools. Hence, the effect of wear on tool performance is clearly higher in the case of

micro milling than in the case of macro milling.

5.3.4 Cutting forces

The next quantity analysed during these tests is cutting force. The measured maximum

forces as functions of milling distance are plotted in fig. 5.16 (uncoated Ø0.2 mm tools) and

fig. 5.17 (uncoated Ø1 mm tools). In all cases the forces acting on one cutting edge are higher

than the forces acting on the second one. It is assumed to be because of tool run-out which

leads to different uncut chip thickness for each of the cutting edges. Although this effect was

observed in both cases (Ø0.2 mm and Ø1 mm tools), its relative effect is significantly higher

when the smaller tools are used.

Another thing observed in the force signal is an occasional sudden increment of the force

acting on one cutting edge. This increment is usually compensated by reduction of the force

acting on the second cutting edge. This behaviour is well identifiable in the case of second



73

Ø0.2 mm tool. This behaviour agrees with to observations of BUE. Although this effect of

BUE is also observed in the case of 1 mm tools, its effect is significantly less important.

Fig. 5.16: Cutting forces generated by Ø0.2 mm tools

Fig. 5.17: Cutting forces generated by Ø0.2 mm tools
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Fig. 5.18: Comparison of uncut chip cross-sections

The maximum cutting force is approximately 5 times higher when Ø1 mm tools are used

than in the case of Ø0.2 mm tools. This ratio is, however, much lower than the ratio between

uncut chip volumes, which was estimated to be approximately 125, see fig. 5.18. This

disproportion between the acting force and the removed volume indicates crucial differences

in cutting mechanisms. It is presumably caused by an effect of cutting edge radius which is

usually negligibly low in the case of conventional milling.

Fig. 5.19: Comparison of maximum forces acting on coated and uncoated Ø0.2 mm tools
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In fig. 5.19 are compared average maximum forces measured during machining by coated

and uncoated Ø0.2 mm micro end-mills. The forces acting on the new uncoated tools were

found to be lower than the forces acting on the coated tools. The difference between the

initial cutting forces is 0.1 N. However, because the uncoated tools wear faster, also the

forces increase faster. Therefore, the force acting on a worn tool is lower when the coated

tool is used.

5.3.5 Generated surface

Next quantity which was measured during these experiments was generated surface

roughness. The measured Sa values are plotted as functions of milling distance in fig. 5.20. In

all tested cases the coated tools had generated rougher surfaces than the uncoated tools. This

was expected because the coated tools have always larger cutting edge radius than uncoated

ones. Furthermore, same as in the case of tool wear the surfaces generated by Ø1 mm tools

show two easily distinguishable phases. The milling distance of the first phase is

approximately the same as in the case of tool wear (~700 mm in the case of the uncoated

tools and ~1100 mm in the case of the coated tools). Hence, there is a clear correlation

between tool wear and surface roughness. In the first phase the surface roughness grows

significantly faster than in the second phase. This is observable as with the uncoated as with

the coated tools. This is also same as in the case of tool wear. However, in contrast with tool

wear the uncoated tools show lower increase of surface roughness than the coated tools.

As it was explained above, the lower surface roughness in the case of uncoated tools is

assumed to be because of the smaller cutting edge radius. Therefore, the cutting edge radii

were measured during these experiments. The new uncoated tools were found to have cutting

edge radii of approximately 0.5 µm while the new coated tools had the radii of approximately

1.5 µm. This corresponds with the thickness of the coating measured in chapter 4; the

thickness of the coating was found to be approximately 1 µm. These cutting edge radii were

measured after each five cuts and no growing or reducing trends were found. Hence, the

cutting edge radius of the uncoated tool remains smaller than the cutting edge radius of the

coated tool during whole tool life. However, it must be mentioned that these measurements

are highly inaccurate because of many reasons such as: variation of the radius over the

cutting edge, not perfectly circular shape of the cutting edge, very small dimension of the

radius etc.
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(a) Ø0.2 mm end-mills (b) Ø1 mm end-mills

Fig. 5.20: Comparison of surface roughness of uncoated and coated tools for cutting conditions

vc = 15.71 mmin
-1

, fz = 0.02  Dc, ap = 0.5  Dc, ae = 0.1  Dc

The surface generated by Ø0.2 mm tools has generally lower roughness than surface

generated by Ø1 mm tools. However, in the case of the coated tools the difference is

negligible. On the other hand in the case of uncoated tools the surface generated by Ø1 mm

tools is approximately 1.6 times rougher than the one generated by Ø0.2 mm tools (when new

tools are used). This advantage of using micro end-mills is, however, paid by faster reduction

of surface quality with increasing milling distance in the case of Ø0.2 mm tools. In the case

of uncoated tools the surface roughness increases approximately 1.2 times faster when Ø0.2

mm tools are used. This may be caused by higher effects of tool wear on tool performance in

the case of micro milling.

In fig. 5.21 are compared surface topographies generated by an uncoated tool with the

cutting diameter of 1 mm. On the left side figure is shown a typical surface generated during

the first phase (see fig. 5.21a) as on the right side figure is shown a surface generated during

the second phase (see fig. 5.21b). Evidently the surface generated during the first phase has

different character from the surface generated during the second phase. Except higher peak-

to-valley distance, the second case also shows significantly larger plastic deformations. It is

assumed that this is caused by a larger contact area between the flank face and the workpiece.

This leads to increase of importance of ploughing mechanism which typically results in

higher plastic deformations.
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(a) Surface generated by a new tool (b) Surface generated by a worn tool

Fig. 5.21: Illustration of surface generated by new and worn coated Ø1 mm tool

5.3.6 Tool breakage

One of the main issues of micro milling identified during these experiments is tool

breakage. This was observed only when tools with the cutting diameter of 0.2 mm were used.

Hence, it is a clear difference between macro and micro milling. The main reason for the tool

breakage in the case of micro milling is a significant increase of bending stress when the tool

diameter is reduced.

(a) Uncoated tool (b) Coated tool

Fig. 5.22: SEM micrographs of broken Ø0.2 mm micro end-mills

Two examples of broken tools are shown in fig. 5.22. Both examples show no plastic

deformations. This indicates brittle fracture which is difficult to predict. From the previous

sections is clear that no of the measured quantities shows any signal of imminent tool

breakage. Furthermore, the breakage seems to appear randomly. In tab. 5.5 are summarised

milling distances when tool breakage appears. In the third column of the table are listed

critical forces (maximum force in the moment of tool breakage). In both studied cases
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(uncoated, coated tools) the values show broad variations. Hence, clearly the milling distance

cannot be used as a criterion of tool life.

Table 5.5: Comparison of milling distances and maximum cutting forces in break of uncoated and

coated Ø0.2 mm micro end-mills.

Milling distance to tool
breakage (mm)

Critical force
(N)

Uncoated tool no. 1 360 2.62
Uncoated tool no. 2 430 2.74
Uncoated tool no. 3 520 2.69
Coated tool (AlTiN) no. 1 950 3.58
Coated tool (AlTiN) no. 2 1250 3.03
Coated tool (AlTiN) no. 3 1520 3.01

The tool coating was found to have significantly beneficial effect on tool life. The coated

tools break approximately 2.5 times later than the uncoated ones and withstand

approximately 1.2 times higher forces. This observation signalise that the coating does not

only prevent tool wear, but also has a positive effect on crack initialisation. It should,

however, be mentioned that this effect of the coating is not yet fully exploited and should be

extensively researched in the future.

5.4 Summary

In this chapter are presented results of tests comparing performance of Ø0.2 mm micro

end-mills and Ø1 mm end-mills. In both cases were used coated and uncoated tools. The tests

have confirmed that in all cases the dominant wear mechanism is abrasion. However, also

cutting edge chipping and adhesion was observed during the tests. No significant differences

in wear patterns were observed, and therefore, it may be concluded that the knowledge gained

from conventional milling is also valid in micro milling.

The quantitative wear measurements have confirmed that coating has significantly

beneficial effect on tool wear in both studied cases. In the case of 0.2 mm tools, the coating

was found to have also a positive effect on tool breakage. The coated micro end-mills

withstand higher cutting force than uncoated, and therefore, break later. It is suggested that

the coating covers surface defects generated during tool manufacturing. However, the effects

of coating on preventing tool breakage are not yet fully understood, and further research

should be performed in the future.
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It was also found that monitoring technique based on SEM imaging is extremely

inefficient and requires frequent tool removals. Therefore, a new wear monitoring method

based on laser tool cutting diameter reduction measurements was investigated in this

research. It was proven that this method is fast and reliable. Therefore, this method will be

used in all wear measurements in the rest of this thesis.

Micro milling cutting forces were found significantly higher than expected. It is assumed

that this is caused by increased effect of cutting edge radius. Furthermore, the coating was

found to have a positive effect on the cutting force. Although the initial cutting force is higher

in the case of coated micro end-mills (presumably because of larger cutting edge radius), it

grows slower.

Surface roughness generated by new Ø0.2 mm tools is generally the same as the one

generated Ø1 mm tools. However, when the smaller tools are used the quality of the surface

reduces faster than if the larger tools are used.

Premature tool breakage was identified as a biggest challenge of micro milling. Tool

breakage was not observed in any case of Ø1 mm tools. Hence, it is evidently a new issue

which is typical only when very small micro end-mills are used. Furthermore, tool breakage

was found to be very difficult to predict (it seems to appear randomly with no relation to

maximum force or milling distance). It is assumed to be affected by the tool dimensional

tolerances and other process uncertainties. This topic will be further investigated in the rest of

this research.



80

6. Modelling of cutting forces in micro milling

6.1 Motivation and objectives

Lack of a reliable tool performance prediction method is one of the major drawbacks of

micro milling. Therefore, the main objective of this research was set to develop a method

able to predict tool life. Such method is assumed to help industrialists with planning of their

manufacturing strategies and with an estimation of product costs and delivery times. Besides

product quality, this information is the most important for an increase of micro milling

competitiveness.

The method developed in this research is based on a theoretical modelling. The main

advantage of such a method is in an elimination of frequent interactions with production

process. Furthermore, experimental methods often suffer by large uncertainties. This

generally leads to necessity of a large number of repetitions and consequently to an increase

of the production costs and time. However, the theoretical modelling also faces its challenges.

The main difficulty is in obtaining of its input data. Although, these inputs vary for different

methods, cutting force can be assumed as a common one for all of the methods.

Therefore, in this chapter is introduced a numerical cutting force prediction method. This

method is based on an empirical relation between the cutting force and the uncut chip area as

it is typical for all analytical and mechanistic models (see literature review in chapter 2). The

fundamental relations between the cutting force and the uncut chip area are adopted from

literature. However, the method used in this research estimates the uncut chip area by a time

dependent numerical approach instead of usually used analytical formulations. The numerical

approach is expected to give higher flexibility and versatility of the model than the fully

analytical methods.

Hence, the main objective of this chapter is:

To develop a versatile cutting force prediction method suitable for tool

stress analysis.
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6.2 Fundamental relations

The method introduced in this chapter is fundamentally based on an analytical cutting

force model developed originally by J. Tlusty and P. MacNeil [123]. Their model for

prediction of cutting forces in conventional milling was presented in 1975. Since that time the

model has been improved by various researchers. Bao and Tansel have reconsidered the

original formulation of tool path and proposed more accurate analytical relations [22]. They

also have developed an analytical formulation of tool run-out [21]. However, their model has

remained 2-dimensional as the original one. The implementation of the third force component

was proposed by Zaman et. al. in 2006 [61]. They have presumed that the tangential force

component is normal to the cutting edge, and therefore, it can be disassembled to an axial

component and a component perpendicular to both, axial and radial one. Furthermore, Zaman

et. al. as well as Bao et. al. have validate their models for micro milling. Both publications

clam a good agreement of the predicted data with the experimental ones. This confirms a

suitability of this cutting force formulation for applications in micro milling.

Fig. 6.1: Illustration of elemental force components in general cutting edge position

The cutting force formulation used in this research is closest to the one presented by

Zaman et. al. Hence, the formulation includes three cutting force components (Fr, ,௧෡ܨ Fa) as
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they are illustrated in fig. 6.1. However, as the method proposed in this research uses a

numerical estimation instead of an analytical expression of the uncut chip area as it was used

in the original model, it is more suitable to express the cutting force in the form of elemental

forces (a force per a small, well defined, portion of the cutting edge). Hence, the fundamental

relations used for modelling of the cutting forces used in this research are the following ones:

Relation 1 (assumption): The instantaneous elemental tangential cutting force component

(dFt) is proportional to instantaneous elemental uncut chip area (dA), and can be expressed by

the following relation:

(ݐ,ݖ)௧ܨ݀ = ௠ܭ ∙ (ݐ,ݖ)ܣ݀ (6.1)

where Km (N·mm-2) represents a specific cutting force, which can be explained as a cutting

force needed to cut 1 mm2 of a specific workpiece material with a specific tool. Km is usually

obtained from a few initial cutting tests.

Relation 2 (assumption): The instantaneous elemental radial cutting force component

(dFr) is proportional to the instantaneous elemental tangential cutting force component:

(ݐ,ݖ)௥ܨ݀ = ݍ ∙ (ݐ,ݖ)௧ܨ݀ = ݍ ∙ ௠ܭ ∙ (ݐ,ݖ)ܣ݀ (6.2)

where q in this equation represents proportionality constant and it is also obtained from the

initial cutting tests.

Relation 3 (assumption): The axial cutting force component (dFa) and the tangential

cutting force component in the plane perpendicular to the tool axis (௧෡ܨ݀) can be expressed as:

(ݐ,ݖ)௔ܨ݀ = sin (ߚ) ∙ (ݐ,ݖ)௧ܨ݀ = sin (ߚ) ∙ ௠ܭ ∙ (ݐ,ݖ)ܣ݀ (6.3)

௧෡ܨ݀ (ݐ,ݖ) = cos (ߚ) ∙ (ݐ,ݖ)௧ܨ݀ = cos (ߚ) ∙ ௠ܭ ∙ (ݐ,ݖ)ܣ݀ (6.4)

where β is the helix angle.
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Relation 4: The total elemental cutting force (dFc) is a vectorial summation of all

elemental components. This can be expressed by vectorial the following equation:

௖ሬሬሬ⃗ܨ݀ = +௧ሬሬሬ⃗ܨ݀ =௥ሬሬሬ⃗ܨ݀ ௧෡ܨ݀
ሬሬሬ⃗+ +௔ሬሬሬ⃗ܨ݀ ௥ሬሬሬ⃗ܨ݀

(6.5)

Relation 5: Any component of cutting force is calculated as an integral of corresponding

elemental cutting force components over tool cutting edge. This can be expressed as:

(ݐ)௧ܨ = න (ݐ,ݖ)௧ܨ݀ =න ௠ܭ ∙ (ݐ,ݖ)ݓ ∙ (ݐ)ݖ݀
௭మ

௭భ

(6.6)

(ݐ)௥ܨ = න (ݐ,ݖ)௥ܨ݀ =න ݍ ∙ ௠ܭ ∙ (ݐ,ݖ)ݓ ∙ (ݐ)ݖ݀
௭మ

௭భ

(6.7)

where Km(z) and wi(z) are functions of axial location.

6.3 Transformation of coordinate systems

The forces calculated by this model are related to the tool coordinate system (CS). This CS

is a Cartesian system with its vertical axis coincident with the tool rotational axis and x-axis

parallel to the tool rake face. On the other hand workpiece is usually defined in a different

CS. These two CS are in a relative movement to each other. The main issue is that the

measured cutting forces are usually defined in the workpiece CS. This is because the force

sensor is attached to the workpiece and not to the spindle. Therefore, if the measured and the

calculated forces shall be compared (e.g. during experimental verification or in intelligent

monitoring systems) they must be transformed to a united CS.

In fig. 6.2 is shown a cross-sectional view of the tool in a general position with highlighted

instantaneous cutting force components related to the tool CS (Ftcosβ and Fr). Additionally,

corresponding force components related to the workpiece (Fx and Fy) are also shown in this

figure. The axial force component Fa= Ftsinβ is in this particular case identical to Fz (in fig.

6.2 Fz and Fa are not shown because they are perpendicular to the drawing plane).
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Fig 6.2: Schematic view of instantaneous cutting force components in general position

It is evident that the magnitude of instantaneous total force is independent on the choice of

coordinate system. Hence, the vectors of cutting force components related to the tool and the

workpiece CS, respectively, can be mathematically expressed:

ܨ⃗ = +௧ሬሬሬ⃗ܨ =௥ሬሬሬ⃗ܨ ௧ሬሬሬ⃗ܨ ∙ ߚݏܿ݋ + +௥ሬሬሬ⃗ܨ =௔ሬሬሬ⃗ܨ +௫ሬሬሬ⃗ܨ +௬ሬሬሬ⃗ܨ ௭ሬሬሬ⃗ܨ (6.8)

For clarity the graphical representation of this relation is shown in fig. 6.3.

Fig 6.3: Graphical representation of the force components vector summation



Tool
rotation

Workpiece
transition



85

From the figure it is easy to derive the following expressions:

௫ܨ = ݏ߮ܿ݋ ∙ −௥ܨ ߮݊ݏ݅ ∙ ௧ܨ) ∙ (ߚݏܿ݋ (6.9)

௬ܨ = ߮݊ݏ݅ ∙ ௥ܨ + ݏ߮ܿ݋ ∙ ௧ܨ) ∙ (ߚݏܿ݋ (6.10)

௭ܨ = ௔ܨ = ௧ܨ ∙ ߚݏܿ݋ (6.11)

where  is the instantaneous angular position of the tool.

This system of three equations can be advantageously expressed in a matrix form as

following:

ቐ

௫ܨ
௬ܨ
௭ܨ

ቑ = ൥
ݏ߮ܿ݋ ߮݊ݏ݅− 0
߮݊ݏ݅ ݏ߮ܿ݋ 0

0 0 1
൩∙ ൝

௥ܨ
௧ܨ ∙ ߚݏܿ݋

௔ܨ

ൡ
(6.12a)

or symbolically:

{௪௢௥௞ܨ} = ൣܴ ௭,ఝ൧∙ {௧௢௢௟ܨ} (6.12b)

where Rz,φ is a transformation matrix for rotation about axis z with an angle φ.

This transformation relation is sufficient for the case illustrated in fig. 6.3. This case,

however, illustrates only 3-axis milling (the tool moves only in lateral directions x, y and z).

For the transformation of the cutting force in the case of 5-axis milling (tilts about x and y

axes) two additional transformation matrixes (Rx,A and Rx,B) are needed. These matrixes can

be derived similarly as Rz,φ, and they will have the following form:

ܴ௫,஺ = ൥
1 0 0
0 ܣݏܿ݋ ܣ݊ݏ݅−
0 ܣ݊ݏ݅ ܣݏܿ݋

൩ (6.13a)

ܴ௬,஻ = ൥
ܤݏܿ݋ 0 ܤ݊ݏ݅
0 1 0

ܤ݊ݏ݅− 0 ܤݏܿ݋
൩

(6.13b)



86

Hence, finally the calculated cutting force for the case of 5-axis milling can be

transformed to workpiece coordinate system by the following relation:

{௪௢௥௞ܨ} = ൣܴ ௫,஺൧∙ ൣܴ ௬,஻൧∙ ൣܴ ௭,ఝ൧∙ {௧௢௢௟ܨ} (6.14)

6.4 Method approach

Method is based on splitting tool cutting edge into small elements and on the application

of relations from analytical geometry on each element. By this approach elemental chip areas

are calculated for each time point. This approach facilitates modelling of the forces for

various cutting edge geometries, even with variable helix angles. Different workpiece shapes

and relative tool-workpiece movements can also be simulated.

After basic tool and workpiece geometries definition, the tool is rotated and translated.

Tool-workpiece interaction is identified and the uncut chip thickness for each element of

cutting edges is calculated. In the next step, is identified the constant q and the function

Km(z). The total values of q and Km are established through a small number of experiments.

After total Km is found, the relevant portion is distributed to each element. At this point

cutting force components Ft, tF


and Fa can be calculated for each edge element and the time

step by the application of relations 6.1, 6.3 and 6.4. Force component Fr is than calculated by

multiplication of Ft by the constant q as described in relation 6.2.

6.4.1 Tool and workpiece geometries definition (pre-processing)

Tool geometry in this research is defined as follows:

 Definition of the tool rotation axis.

 Definition of the tool cross-section. For modelling purposes the geometry can be

simplified to definition of line representing rake face.

 Definition of local coordinate systems. Individual coordinate system is translated

along the tool axis and pitched with respect to helix angle.

 Tool cross-section is adjusted to local coordinate systems.

The workpiece geometry used in this research is a simple block. It is defined by three

planes perpendicular to each other.
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Once tool and workpiece geometries are defined, they have to be adjusted to each other

with respect with tool the initial position.

6.4.2 Determination of the theoretical chip areas

After the mathematical definition of the tool and the workpiece is completed, the uncut

chip area for each element can be calculated. This is done by calculating the uncut chip

thickness in every node and calculation of the area of the trapezoid defined by the uncut chip

thicknesses of two neighbouring nodes, as sketched in fig. 6.4. As very shortly mentioned

above, the method employed in this research uses transient analysis. The precise position of

the tool in every instance is calculated and mathematically described. The relative cutting

edge/workpiece position is checked for the following conditions:

 If the cutting edge element is out of the workpiece material, then the tool is moved

into new position in next time step. No data are saved.

 If the cutting edge element is inside the workpiece material, then the position and

number of the current rotation is saved and the tool is moved into new position in next

time step.

This is repeated until the current time reaches time limit set by the user.

Fig. 6.4: Illustration of elemental theoretical chip area

In the next step the distance between each saved cutting edge element’s position and

interaction of the cutting edge with surface generated in previous cutting edge pass is

calculated and saved.

The flowchart for the whole chip thickness calculation process is illustrated in fig. 6.5.

Elemental
theoretical
chip area
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Fig. 6.5: Flowchart of theoretical chip thickness calculation

In fig. 6.6 two steps of the solution are graphically represented. Yellow surfaces illustrate

tool rake faces, red surface illustrates a theoretical cutting area, blue lines show basic

workpiece geometry, blue dots illustrate newly generated surface and grey dots illustrate

surface generated in previous cutting edge pass.
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Fig. 6.6: MATLAB generated illustrations of the theoretical chip area calculation

Finally, it is a good practise to express the chip thickness w(z, t) function in form:

),(),( tzwWtzw a


 (6.15)

where Wa is magnitude and (ݐ,ݖ)ෝݓ is normalized chip thickness as a function of axial

position and time.

Fig. 6.7: Graphical representation of normalized chip thickness as function of axial position and time;

down-milling, n = 10 000 rpm, fz = 3 μm, ae = 100 μm.

The advantage of the form 6.16 is easer application of the cutting force as a boundary

condition in FEA. The typical shape of ),( tzw


is shown in fig. 6.7.



90

6.4.3 Determination of the proportional constant q and the specific cutting

force Km(z)

Function Km(z) is assumed to be a function of tool axial position and can be expressed as:

௠ܭ (ݖ) = ௠ܭ ௧௢௧ ∙ (ݖ݇) (6.18)

where Km tot is total specific cutting force achieved experimentally and k(z) is a weighting

function.

In this research function k(z) is assumed to be proportional to the amount of material in

direction perpendicular to the cutting edge. Its shape for the Ø0.2 mm tools used in this

research is shown in fig. 6.8.

Fig. 6.8: Weight function k(z) and its accumulation

The total specific cutting force Km tot and the proportional constant q can be achieved from

a few experiments. The experiments are designed as a full slotting. This is because of

determination of rotational angle. Once the forces are measured they are implemented into

the relation 6.12 where ,௧෡ܨ Fr and Fa are expressed by the relations defined in section 6.2.

After reordering the equations will have the following form:
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௠ܭ ௧௢௧ =
௫ܨ

ݏ߮ܿ݋ ∙ ݍ ∙ −ܣ ߮݊ݏ݅ ∙ ߚݏܿ݋ ∙ ܣ
(6.19a)

=ݍ
௬ܨ − ݏ߮ܿ݋ ∙ ߚݏܿ݋ ∙ ܣ ∙ ௠ܭ ௧௢௧

߮݊ݏ݅ ∙ ܣ ∙ ௠ܭ ௧௢௧

(6.19b)

௠ܭ ௧௢௧ =
௭ܨ

ߚݏܿ݋ ∙ ܣ
(6.19c)

From these equations it is already easy to get both Km tot and q.

Full slots with depths of 0.02 mm are milled by uncoated Ø0.2 mm micro end-mills. No

lubrication is used during the tests to avoid uncertainties caused by air pressure and uneven

friction. Cutting speeds and feeds used in the experiments are covered in tab. 6.1. They are

chosen to include different cutting speeds and feeds. Every test was repeated three times and

average values were used to determine Km tot and q.

Table 6.1: Cutting speeds and feeds used evaluation experiments and average in Km tot and q values

cutting speed, vc (ms-1) feed, fz (μm)
Test 1 6.28 2
Test 2 15.71 2
Test 3 25.13 2
Test 4 15.71 4
Test 5 15.71 6

The determined specific cutting forces and proportional constants are plotted in fig. 6.9.

The specific cutting force and the proportional constant were found to be linear functions of

feed. However, no distinct dependency was found on the cutting speed. This is caused by

different proportions of ploughing and shearing when uncut chip thickness (feed per tooth) is

varied. However, no significant changes in proportion should appear when cutting speed is

varied.

Therefore, in all future analyses the specific cutting force and the proportional constant

will be expressed as functions of feed (fz) in the following form:

95.223.0  ztotm fK (6.20)
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4833.002.0  zfq (6.21)

Fig. 6.9: Dependence of specific cutting force and proportional constant on feed per tooth and cutting

speed respectively

6.5 Model verification

Developed modelling method was verified by a comparison of theoretical cutting forces

with experiments.

Tools used in the verification experiments are uncoated Ø0.2 mm micro end-mills.

Uncoated tools were chosen in order to minimize unpredictable effects caused by coatings.

The experiments were performed as dry side milling. In all experiments constant width of cut

0.02 mm and depth of cut 0.1 mm was used. Four different cutting speeds were used: 6.28

mmin-1 (10 000 rpm), 12.56 mmin-1 (20 000 rpm), 18.85 mmin-1 (30 000 rpm) and 25.13

mmin-1 (40 000 rpm). Feed per tooth was 2 μm, 4 μm, 6 μm and 8 μm. Hence, there are

sixteen different combinations of cutting speeds and feeds per tooth. Down-milling was used

in all these experiments. Each of the combination was repeated 3 times.

An example of the comparison of theoretical and measured forces is shown in fig. 6.10.

The cutting conditions used in the example case were vc = 18.85 mmin-1, fz = 2 μm, ae = 100

μm and ap = 20 μm. The theoretical and measured forces show a good agreement. It was also

noted that by the covering of tool run-out into model the agreement can be still improved.
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The tool run-out is, however, different for each individual tool. Therefore, the procedure will

not be covered in this study.

Fig. 6.10: Comparison of experimental and theoretical forces; down-milling, vc = 18.85 mmin
-1

,

fz = 2 μm, ae = 100 μm and ap = 20 μm

The relative errors for all verification tests were calculated as:

%100



measured

ltheoreticameasured

F

FF
error (6.22)

The errors for various cutting conditions are shown in fig. 6.11. The average error for

evaluated cutting conditions is less than 15% and does not exceed 40%. This error is

acceptable for future analyses covered in this work.
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Fig. 6.11: Illustration of model error as a function of cutting speed and feed per tooth

6.6 Summary

In this chapter was presented a cutting force modelling method. This method is used in the

following chapters for calculation of cutting forces needed for FEA. The method is based on

analytical relations developed by J. Tlusty and P. MacNeil and further improved by M. T.

Zaman. The forces are related to uncut chip area as it is typical for majority of cutting force

models used in milling. It predicts cutting forces in tangential, radial and axial directions. The

uncut chip area is calculated by numerical approach based on analytical geometry.

The method was experimentally verified and shows an average error of approximately

15%. Although some other researchers claim their models to be more accurate, this is the first

model verified with as small tools as Ø0.2 mm (typically tools with diameters of 0.5 mm are

used in literature). Hence, the tools used in this research have significantly lower stiffness

which can affect accuracy of the force prediction. The maximum relative error is 40%. This

error can be caused by many factors. However, as the most probable reason for such error is

tool run-out. Although, this phenomenon has a strong effect on the cutting forces, it was not

further studied in this research. The tool run-out can be caused by tool imperfections or by

tool clamping. Therefore, the magnitude of tool run-out is unique for every special case.

Therefore, it was not further studied in this research. However, this phenomenon should be
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comprehensively studied in the future. Although, the model does not show perfect match with

the experimental data, the average error of 15% is assumed to be acceptable for applications

in the following chapters.
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7. Analysis of tool dimensional tolerance effects on the

failure of micro end-mills

7.1 Motivation and objectives

Micro milling process is basically the same as conventional macro milling. However, due

to downscaling, various size effects appear and affect manufacturing process. One of the

important effects is rapid reduction of tool stiffness and increase of stress generated by usual

cutting conditions. Based on the cantilever beam theory, tool stiffness is proportional to the

4th power of the tool diameter. Hence, even with small reduction of the tool diameter a

significant increase of stress can be observed.

Measurements of tool dimensions covered in chapter 4 have shown large dimensional

tolerances. This discovery was confirmed by various researchers from different research

institutions. However, no research of the effects of the tool dimensional tolerance was found

in literature.

Therefore, FEA is used to investigate the effects of the tool dimensional tolerance on

stress distribution within the micro end-mill. An cutting force model presented in the

previous chapter is used to estimate realistic 3D cutting forces which are used as boundary

conditions in the FEA. Thanks to this approach various cutting conditions can be easily and

quickly investigated and a critical feed, depth and width of cut can be estimated.

7.2 Measurements of micro end-mills

(a) Front view (b) Side view

Fig. 7.1: Illustration of the dimensions of a micro end-mill
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Micro end-mills are commonly manufactured by micro grinding. This technology

facilitates manufacturing of very small WC-Co end-mills with low costs and high material

removal rates. However, due to a mechanical contact between the grinding wheel and the

end-mill and relative positioning errors, inaccuracies of the final geometry often appear.

In order to determine these errors, 50 uncoated commercial micro end-mills with nominal

cutting diameter of 0.2 mm were measured by SEM imaging. All the measured tools were

taken from a single batch. The uncoated tools were used in order to isolate the tool

manufacturing errors from the coating inaccuracies. Three main dimensions were of an

interest: the core diameter, the cutting diameter and the flute length (see fig. 7.1). By the flute

length is understood a distance from the tool tip up to the very end of the “chip pullout”

geometry as it is shown in fig. 7.1b.

The measurements have confirmed large variations of these fundamental dimensions for

individual tools. Histograms of the core diameters, the cutting diameters and the flute lengths

are shown in figures 7.2, 7.3 and 7.4. All three histograms were normalized to one and

compared with relevant theoretical normal distributions calculated from:

(ߪ,ߤ;ݔ)݌ =
1

ߪ ∙ √2 ∙ ߨ
∙ ݁

ି
(௫ିఓ)మ

ଶ∙ఙమ
(7.1)

Where µ is the average dimension and σ is the standard deviation.

From the figures is evident that all measured data fits to the theoretical values. Therefore,

upper and lower limits of the dimensions can be easily calculated from the following

equation:

ଵܶ,ଶ = ±ߤ 3 ∙ ߪ (7.2)

Table 7.1: Principal dimensions of Ø0.2 mm micro end-mills

Parameter Value (μm)

Core diameter 132±10
Cutting diameter 183±8
Flute length 846±12
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Fig. 7.2: The Measured and the theoretical distribution of the flute length

Fig. 7.3: The Measured and the theoretical distribution of the cutting diameter
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Fig. 7.4: The Measured and the theoretical distribution of the core diameter

The average dimensions and dimensional tolerances are listed in table 7.1. The tolerances

of all three dimensions were estimated to be approximately 20 µm. This, however, represents

nearly 17% difference between the smallest and the largest core diameter but only 2%

difference in the case of the flute length. Although the cutting diameter tolerance represents

10% of the average value, it is assumed not to have an important effect on the tool stress.

Therefore, further numerical analysis is performed only on tools with variable core diameter.

7.3 Finite Element Analysis

The geometrical model used in this research represents an average commercial Ø0.2 mm

micro end-mill supplied by UNION TOOL. All tool dimensions used for the modelling

purposes were achieved from SEM imaging. The main geometrical features and their

dimensions were measured on all 50 tools and the average values were used in the model.

Although, some concerns about the SEM measurement accuracy remain, the large number of

the measured tools gives a good approximation of the real tool dimensions. Five models with

core diameters of 122 µm, 127 µm, 132 µm, 137 µm and 142 µm were used in this study. All
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other model dimensions were kept constant. Comparison of the geometrical model and real

micro end-mill is shown in fig. 7.5.

Fig. 7.5: Comparison of a real micro end-mill and its geometrical model

Material data used in the FEA are covered in table 7.2. The modulus of elasticity, Poisson

ratio and density are taken from www.matweb.com [124] and correspond with measured tool

material (94% WC and 6% Co).

As a criterion of tool failure was used transverse rupture strength (TRS). The value for

ultra fine WC-Co, with 6% Co, was derived from data published in [125, 126].

Table 7.2: Material data used in FEA

Parameter Value Unit

Modulus of elasticity 6.45 x 105 MPa
Poisson ratio 0.22 -

Density 1.4653 x 10-8 tonne
mm-3

Transverse rupture strength >3.6 x 103 MPa

The geometrical model was meshed by tetragonal elements with a mid-node. The elements

with mid-node were used due to higher order accuracy comparing to commonly used linear

elements. The cutting zone of the tool was meshed by very fine elements, while the neck zone

of the tool was meshed with a coarse mesh as it is shown in fig. 7.6a. This is because high

stress gradients are expected only in the cutting zone of the tool.
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(a) Micro end-mill FE model (b) Detail of the tool tip with highlighted

applied force

Fig. 7.6: Micro end-mill FE model

All FEAs were run as static. This simplification can be used because of the very low tool

inertia, and subsequent very fast tool response to any dynamic change in loads.

The tool was clamped in distance of 10 mm from the tool tip. This position well

corresponds to clamping of a real tool.

The applied force was calculated by the model introduced in chapter 6 for various cutting

conditions. The maximal cutting force was applied as a distributed load over the cutting edge

as shown in fig. 7.6b. Three sets of simulations were carried out to investigate effects of feed

per tooth (fz), width of cut (ae) and depth of cut (ap). In the first set of simulations were used

the following cutting conditions ae = 20 µm, ap = 100 µm and fz = 1, 2, 4, 6 and 8 µm/tooth.

In the second set of simulations ap = 100 µm and fz = 2 µm/tooth are kept constant and ae =

10, 20, 40, 60 and 80 µm is variable. In the last set of simulations were used: fz = 2 µm/tooth,

ae = 20 µm and ap = 10, 50, 100, 150 and 200 µm. Chosen values cover typically applied

cutting conditions for the assumed tool and workpiece combination.

Finally, the model was validated by demonstrating good correlation between the measured

and predicted static tool stiffness.
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7.4. Results and discussion

In this research was analyzed the first principle stress (σ1) instead of commonly used

equivalent stress (σeqv). This decision was made because σ1 represents the maximum tensile

stress within a point of a body (tool) which corresponds to the definition of transverse rupture

strength as it was discussed in chapter 2.

Fig. 7.7 shows a typical calculated distribution of the first principal stress. Maximum

tensile stress is in the location of the flute termination. The location of the maximum tensile

stress corresponds with the location of real tool failure.

(a) Calculated stress distribution (b) An Example of a broken tool

Fig. 7.7: Tool stress analysis (fz = 2µm, ap = 100µm, ae = 20 m)

Core diameter variations within analyzed tolerances have minimal effect on maximal

tensile stress location. However, large effect on stress magnitude was found.

In fig. 7.8 the relation between feed per tooth and maximal tensile stress within the tool is

shown. The red dashed line represents TRS of WC-Co. If the tensile stress is higher than the

TRS, the tool is assumed to fail. From fig. 7.8 it is evident that the typical core diameter

tolerance of Ø0.2 mm micro end-mill has a great effect on tool performance. In the case of a

micro end-mill with a core diameter of 142 µm, it is expected to withstand nearly 4 µm/tooth.

However, the tools with core diameter of 122 µm are likely to break on 2 µm/tooth. This

spread of usable feeds is enormous and makes planning of optimal cutting conditions

extremely difficult.
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Fig. 7.8: Effect of feed on maximum tensile stresses in case of various core diameters (ap = 100 µm,

ae = 20 µm)

Fig. 7.9: Effect of width of cut on maximal tensile stresses in case of various core diameters

(ap = 100 µm, fz = 2 µm/tooth)
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The same conclusions may be drawn also for other cutting conditions. Fig. 7.9 plots the

relationship of maximum tensile stresses with width of cut. In this case the spread of critical

width of cut is from 22 µm to 40 µm.

Finally, the relationship between the minimum tensile stress and the axial depth of cut is

shown in fig. 7.10. Also in this case the stress grows with increasing depth of cut. However,

the difference among the maximum stresses in tools with different core diameters is not as

high as in the cases of width and feed. Shallower characteristic of the depth-stress functions

makes, however, the effect of the depth of cut on tool life very important. It was found that

some of the considered tools reach the critical stress with depth of cut of 150 µm, and some

others will not reach the critical value at all.

Fig. 7.10: Effect of axial depth of cut on maximal tensile stresses with various core diameters

(ae = 20 µm, fz = 2 µm/tooth)

7.5 Summary

In this chapter was introduced the issue of micro end-mill tolerances. Three main

dimensions (the flute length, the core diameter and the cutting diameter) were measured on

50 tools with nominal cutting diameter of 0.2 mm. Although all these tools were from a

single batch, significant differences were found between the analysed tools. All three

measured dimensions have approximately ±10 µm tolerances. This may seem tiny, but in the
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relation with the average tool dimensions it represents a great challenge. The core diameter

was determined as the most critical one. This is because the tolerance represents 17% of the

average core diameter. On the other hand tolerance of the flute length represents only 2% of

the average value, and therefore, it can be assumed as negligible.

FEA on the effect of the core diameter tolerances was performed as a set of static

simulations. Models with five different core diameters were used in this research. The used

core diameters were equally spaced between the largest and the smallest possible diameter, as

they were identified by the measurements. In each set of simulations only one cutting

condition was varied and other conditions were kept constant. The spread of maximum

stresses is in all studied cases very wide. If cutting conditions are fz = 2 µm, ap = 100 µm and

ae = 20 µm, the maximum stress will be in range from 4 000 MPa to 6 000 MPa. This

difference is caused purely by the core diameter tolerance. Hence, it is evident how important

is the effect of the core diameter.

These results demonstrate the great difficulty in predicting tool failure in real micro

milling situations. Therefore, the dimensional tolerances should always be kept in mind when

predicting tool life.
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8. Prediction of micro end-mill life

8.1 Motivation and objectives

Although micro milling was found to be a powerful manufacturing technology, it is not yet

well accepted by industry. The main reason is a low predictability of tool performance. The

micro end-mills were found to be liable for premature breakage and the final product quality

is strongly affected by various uncertainties (e.g. machine tool dynamics, environmental

fluctuations, workpiece and tool micro structure, quality of the cutting tool etc.).

Therefore, people in industry hesitate to use micro milling and keep using less capable, but

more mature processes. This is fully understandable, as high risk of project failure is not

acceptable for majority of industrial projects. The industrialists’ concerns were confirmed by

the research presented in the previous chapter. Although, the analysis of tool stress in the

previous chapter is mainly theoretical, it is based on well established and reliable FEM.

Therefore, the results give a good indication about this issue. It is evident that the tools,

which are supposed to be the same, in the reality can perform very differently. This, however,

makes it impossible to predict the micro milling outputs without application of probability

and statistical methods. Such planning method is, however, not yet available, and therefore,

planning of manufacturing strategy is very difficult and risky. Furthermore, no of the current

monitoring techniques seems to be reliable for applications in micro milling. This is because

of small dimensions, high rotational speeds and also typical characteristics of micro end-

mills. It is nearly impossible to predict tool breakage from any of typically measured signals

(force, acoustic emissions or measurements of tool wear). Tungsten-carbide is a fragile

material and so tool breakage happens suddenly and unexpectedly. Finally, it is not possible

to base micro milling strategies on experience, as it is usual in macro manufacturing.

All these reasons lead to the author’s opinion that a prediction method is extremely

important and it will not be possible to convince industry to use micro milling without it.

Hence, an objective of this chapter is:

To develop a method for a prediction of micro end-mill life.
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Tool life was chosen as one of the most influential factors affecting the final product costs.

The main demands which the method should fulfil are:

 Tool life is predicated in a sense of probability of tool breakage and not as a single

value,

 The method should have minimum interactions with the day-to-day production.

8.2 Method description

Fig. 8.1: Methodology for tool life (breakage) prediction

Micro milling is affected by a wide range of different input factors (e.g. application of

lubrication, machine tool dynamics, cutting tool geometry and quality, cutting speed, feed,

axial depth and width of cut etc.). Each of these factors has an effect on the outputs in form of

product quality, manufacturing time and costs. These three outputs are the most important

criteria for evaluation of the project risks and success. Their reliable prediction is, however,

difficult and requires application of different types of methods for prediction of cutting

forces, tool breakage, tool wear etc.
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In this research are considered as variable only four input parameters: cutting speed, feed,

width of cut and depth of cut. This does not mean that the other ones would not affect micro

milling. All the other parameters are kept constant in this research, and their effects are not

analysed. However, the method is designed to enable an implementation of further

parameters in the future.

The method proposed here is an extension of the research presented in the previous

chapter. It is based on an analysis of tool stress generated by various cutting conditions for

tools with different tolerances. In this chapter it is further extended by implementation of tool

wear effects, which was not assumed in the previous chapter. The results are then presented

in a form of probability of tool breakage, as it will be explained later.

The method is divided into seven phases, from which two require experimental

measurements and the rest is based on theoretical analyses. The sequence of the phases is

illustrated in fig. 8.1 where the red blocks represent experimental phases and the blue ones

represent theoretical phases. Furthermore, the measurements of tool dimensions do not

interact with manufacturing process. Hence, the majority of operations used in this method do

not interact with production.

8.2.1 Experimental analysis of wear and cutting forces

In the first phase of the method are required some experimental tests. These tests are used

for determination of coefficients for models applied in the later phases. The required

coefficients can vary depending on the chosen models (generally various types of models can

be applied for prediction of wear or cutting forces; the models used in this research represent

only one possible solution which the author assumes as the most suitable). Therefore, it is

always important to design the experimental plan according to models used in the later

phases.

In this particular research are used:

 An analytically/numerical method for prediction of cutting forces (see chapter 6),

 An empirical model for prediction of tool wear progression (see section 8.2.3), and

 Analytically/empirical model relating wear progression with increment of

maximum cutting forces (see section 8.2.4).
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8.2.2 Modelling of initial cutting forces

Cutting force is the first measure calculated in this method. The accuracy of its prediction

strongly affects resulting tool stress and consequently reliability of tool breakage prediction.

However, the force generally grows with increasing milling distance (time). This is mainly

because of tool wear which changes cutting edge geometry and surface. The approach of

relating the cutting force with tool wear is then described later in section 8.2.4.

Hence, in this section is predicted only the initial cutting force. This means the force at the

very beginning of cutting process when the tool is new. This cutting force is predicted by the

method presented in chapter 6. As was explained above in this thesis, this model requires two

coefficients: the specific cutting force (Km) and the proportional coefficient (q). Both of them

were identified as linear functions of feed per tooth. Therefore, at least two sets of tests with

different feeds are required for determination of Km a q. The tools used for this purpose

should be new and carefully checked for any defects. It is also strongly advised to repeat

these tests at least three times because of repeatability issues. However, because the functions

Km (see equation 8.1) and q (see equation 8.2) were already determined in chapter 6 and the

tools and workpiece material remain the same also in this chapter, the determination of the

coefficients will not be further discussed here.

௠ܭ = −0.23 ∙ ௭݂ + 2.95 (8.1)

=ݍ −0.02 ∙ ௭݂ + 0.4833 (8.2)

8.2.3 Modelling of wear progression

Wear is another factor which must be considered during the prediction of tool life. It may

be used in two manners. First, wear affects the cutting force. Generally, higher wear leads to

higher force. Hence, wear is used as an input for the estimation of maximum cutting force as

a function of milling distance or time. Secondly, wear affects product surface roughness

which is another criterion which should be considered for determination of tool life. This

means that if surface roughness exceeds the maximum allowed value the tool should be

changed for a new one.
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In chapter 5 were compared different types of tools. Part of the analysis was also a

comparison of wear progression of different tools. In the case of Ø0.2 mm micro end-mills

wear progression was found to follow a linear trend. Hence, the wear progression can be

estimated from the following equation:

∆ܴ௖ = c୵ ∙ ∆l (8.3)

where ΔRc is a reduction of cutting radius (which is used in this research as a characteristic of

tool wear), Δl is a milling distance and cw is a constant coefficient, which can be called wear

progression.

In the case of Ø1 mm end-mills two linear phases were identified. Wear progression is

then expressed by two linear equations for each of the phases. Hence, the model will require

three coefficients: cw1, cw2 and l12. The meaning of these coefficients is shown in fig. 8.2.

Fig. 8.2: Illustration of wear progression

However, the coefficients are generally functions of all input parameters. Hence, in the

presented case four different parameters must be considered. In the most general case this

would lead to 16 independent coefficients in a case of linear model and 256 different

coefficients, if second order polynomial model would be used. Determination of each of these
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coefficients would generally require one test. Similarly as in the case of coefficients for

cutting force model, each test should be repeated at least three times. Hence, a large number

of experiments would be required for this purpose. This is, however, usually not doable in

industrial environment. Therefore, it is essential to determine a significance of each input

parameter on tool wear. The experimental plan used for this purpose is summarised in tab 8.1.

The experimental space contains eight members and each of the experiments is repeated three

times. Hence, 24 test runs are needed.

Table 8.1: Design of experiments

Test
no.

Speed
(rpm)

Feed
(μm/tooth)

Depth
(μm)

Width
(μm)

1 10 000 2 150 10
2 30 000 2 50 10
3 30 000 2 150 10
4 30 000 2 150 30
5 30 000 4 150 10
6 30 000 4 150 30
7 30 000 2 150 20
8 30 000 2 150 40

Wear in this research is expressed as a reduction of the tool cutting radius (ΔRc) instead of

the usually used VBB value. This choice was made in order to simplify wear measurements as

it was discussed in chapter 5. Thanks to this simplification more frequent measurements can

be taken during the experiments. The wear progression in this case is calculated as followed:

௪ܿ = ݒ݁ܽ ݎܽ ݃݁ቆ
ܴ௖௜− ܴ௖௜ି ଵ

௜݈− ௜݈ି ଵ
ቇ (8.4)

where ܴ௖௜ is the actual tool diameter; ܴ௖௜ି ଵ
is the tool diameter measured in a previous step,

li is the milling distance after the current step and li-1 is the milling distance before the current

step. Because only Ø0.2 mm tools are used in this research wear can be characterised by a

single coefficient (cw) which is a function of input parameters (see fig. 8.3).

Both, the cutting speed and the depth of cut show only a negligible effect on wear

progression (see fig. 8.3a and 8.3b). However, if wear would be expressed in a usual way of

wear rate (wear per unit of time) the speed would show a significant effect and could not be

neglected. This would, however, lead to a need of a higher number of coefficients which

would have to be determined experimentally. Therefore, in this research is used with
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advantage wear progression instead of traditionally used wear rate. However, if the user

wishes to use wear rate, he can easily calculate it from the following equation:

ܽ݁ݓ ݎܽݎ ݐ݁ = ܽ݁ݓ ݃݋ݎ݌ݎ ݎ݁ ݏ݅ݏ ݊݋ ∙ ݉݌ݎ ∙ ݉ݑ݊ ܾ݁ ݂݋ݎ ݂݈ ݐ݁ݑ ∙ݏ ௭݂ (8.5)

The width of cut shows the dominant effect on wear progression (see fig. 8.3c). Therefore,

two extra experiments are added into this analysis (ae = 20 μm and ae = 40 μm). These two

extra experiments help to determine the trend function. By these experiments was confirmed

a linear relation between wear progression and the width of cut.

(a) Dependency of wear (b) Dependency of wear
on the speed (tests 1 and 3) on the depth of cut (tests 2 and 3)

(c) Dependency of wear on the width of cut (d) Dependency of wear on the feed
(tests 3, 7, 4 and 8) (tests 3 and 5, and tests 4 and 6)

Fig. 8.3: Illustration of wear progression and wear rates for different cutting conditions

The second most influential parameter is the feed. The resulting wear progressions and

wear rates are plotted in fig. 8.3d. It is noticeable that the effect of feed is significantly lower

than the effect of the width of cut. This, however, does not fit to an original expectation that

feed will be the most influential parameter. This expectation was basically based on an
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assumption that feed will have dominant effect on cutting forces which is one of the major

factors affecting wear. For this reason are in fig. 8.4 plotted the initial cutting forces

measured during these experiments. It is evident that also the initial cutting forces are

dominantly affected by the width of cut. The second most important factor affecting the

initial cutting force is the feed. It can be also noticed that the increased depth of cut leads to

higher initial cutting forces. However, wear measured with different depths of cut do not

show any change. This can be explained by larger length of cutting edge engaged during

cutting. Thus, the force is distributed over a larger area, and therefore, the elemental force is

not increased. Hence, because the depth of cut does not affect the elemental force it should

not have any significant effect on tool wear.

(a) Dependence of initial cutting forces (b) Dependence of initial cutting forces
on the speed on the depth of cut

(c) Dependence of initial cutting forces (d) Dependence of initial cutting forces
on the width of cut on the depth of cut

Fig. 8.4: Illustration of cutting forces for different cutting conditions

The last factor (rotational speed) has a reducing effect on the initial cutting force. This is

presumably because the higher speed leads to higher cutting temperatures which can cause
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material softening. However, because the temperatures in micro milling are generally low,

the effect of the rotational speed is insignificant.

Hence, finally the wear progression empirical model can be determined. Because the

experimental data shows only two influential factors (the width of cut and the feed) and both

of them have linear effects on tool wear, linear model with two inputs can be used. The

equation for prediction of tool wear will then have the following form:

௪ܿ = ଵܿ ∙ ௭݂ + ଶܿ ∙ ௘ܽ + ଷܿ ∙ ௭݂ ∙ ௘ܽ + ସܿ (8.6)

In this equation are four coefficients which must be determined experimentally. Hence, the

minimum number of experiments needed is four. By substituting feeds, widths of cut and

cutting radius reductions from tests 3, 4, 5 and 6 are achieved the following values of the

coefficients: c1 = 7.64·10-7 mm-1, c2 = 4.53·10-7 mm-1, c3 = 1.75·10-8 µm-1 mm-1 and

c4 = -1.41·10-6 µm mm-1. The graphical interpretation of the relation among the coefficient cw,

the feed and the width of cut is shown in fig. 8.5.

Fig. 8.5: Illustration of the dependency of the wear progression on the feed and the width of cut
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Hence, finally the cutting radius reduction for any milling distance can be calculated from

the following equation:

∆ܴ௖ = ( ଵܿ ∙ ௭݂ + ଶܿ ∙ ௘ܽ + ଷܿ ∙ ௭݂ ∙ ௘ܽ + ସܿ) ∙ (݈− ଴݈) + ∆ܴ௖଴ (8.7)

Where l0 is the milling distance at the end of the previous manufacturing phase and ∆ܴ௖଴ is

cutting radius reduction corresponding to l0. These two members of the equation are relevant

only in the case of variable cutting parameters or in the case of large tools (when the wear

progresses with different rates in different phases – see fig. 8.2).

8.2.4 Relation between wear progression and cutting forces

In this moment are calculated the initial cutting force and the wear progression. However,

for tool life prediction the force must be related to milling distance. For this purpose it is

necessary to relate the cutting force increment to tool wear (which is already linked to the

milling distance by equation 8.7). Mathematical expression relating the wear with the cutting

force used in this research was derived by Archard in 1953 [127, 128]. The Archard wear

equation is the most usually used wear model. It is a simple model relating wear volume (V)

with a normal load applied on the wear surface (FN) and sliding distance (s), see equation 8.8.

The coefficient K is a material constant which must be determined experimentally.

ܸ = ܭ ∙ ேܨ ∙ s (8.8)

It should be noticed that the normal load applied on the relief land represents only a

portion of the total cutting force. However, because the experiments performed in chapter 5

has confirmed no measurable effect of tool wear on the cutting edge radius, it may be

assumed that the force related with chip formation is not affected by tool wear. Hence, the

main reason for increment of the force is in the growing contact area on the relief land (the

normal load is a product of the contact area and the contact pressure). Therefore, it is

assumed that the Archard equation can be used for prediction of the total force increment.
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Determination of wear volume

First of all must be determined the wear volume. The approximate volume is a product of

the depth of cut (ap) and the cross-sectional wear area (Aw). The mathematical expression of

this product is the following:

ܸ = ௣ܽ ∙ ௪ܣ (8.9)

Fig. 8.6: Illustration of tool cross-section with highlighted dimensions relevant for wear volume

calculations
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Because the depth of cut is known, the only challenge is to calculate the cross-sectional

wear area. For this purpose must be measured two tool features. The first feature needed for

determination of the cross-sectional wear area is the centre of the tool cross-section (this is

represented in fig. 8.6 by point Cc). The second needed feature is the profile of the relief land

(represented by fr in the fig. 8.6). The relief profile has usually circular shape, and therefore,

it can be determined by its centre (Cr) and radius (Rr).

The other three important points highlighted in fig. 8.6 are:

 Intersection of rake face and actual cutting diameter [x1, y1],

 Original cutting edge tip [x2, y2], and

 Intersection of relief face and actual cutting diameter [x3, y3].

Hence, the wear cross-sectional area (Aw) can now be calculated from the following

equation:

௪ܣ = −ଵܣ ଶܣ = න ௥݂(ݔ) ∙ ݔ݀
௫య

௫భ

− න ௖݂(ݔ) ∙ ݔ݀
௫య

௫భ

(8.10)

where fc(x) is defined by the actual cutting diameter (Dc=2· Rc) with its centre [Ccx, Ccy] lying

on the axis of rotation, and fr is a relief face of the tool defined by its centre [Crx,Cry] and

radius (Rr). Because both of these functions are circular they can be described by the

following equation:

(ݔ݂) = ௬ܥ + ඥRଶ− (x − C୶)ଶ (8.11)

By integration of the equation 8.11 will be achieved the following equation for area bellow

circular curve:

=௜ܣ ቈܥ௬ ∙ +ݔ
ோమ

ଶ
∙ ቀ݊ݏ݅ܽ

௫ି஼ೣ

ோ
ቁ+

ோ

ଶ
∙ −ݔ) (௫ܥ ∙ ට1 − ቀ

௫ି஼ೣ

ோ
ቁ
ଶ

቉
௫భ

௫య (8.12)

Hence, by substituting Cx, Cy and R by the measured values (Ccx, Ccy, Rc and Crx, Cry, Rr)

the wear volume can be calculated. However, before it can be done, x3 must be calculated.
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Because this point represents an intersection of two circles (relief land profile and cutting

edge path) it can be calculated from the following system of equations:

−ݔ) ௖௫)ଶܥ + ൫ݕ− ௖௬൯ܥ
ଶ

= ܴ௖
ଶ (8.13a)

−ݔ) ௥௫)ଶܥ + ൫ݕ− ௥௬൯ܥ
ଶ

= ܴ௥
ଶ (8.13b)

Another, more suitable, form of the equations 8.13 is the following:

ଶݔ + ଵܽ ∙ +ݔ ଶݕ + ଵܾ ∙ +ݕ ଵܿ = 0 (8.14a)

ଶݔ + ଶܽ ∙ +ݔ ଶݕ + ଶܾ ∙ +ݕ ଶܿ = 0 (8.14b)

where ଵܽ = −2 ∙ ௖௫ܥ , ଵܾ = −2 ∙ ௖௬ܥ , ଵܿ = ௖௫ܥ
ଶ + ௖௬ܥ

ଶ − ܴ௖
ଶ , ଶܽ = −2 ∙ ௥௫ܥ , ଶܾ = −2 ∙ ௥௬ܥ

and ଶܿ = ௥௫ܥ
ଶ + ௥௬ܥ

ଶ − ܴ௥
ଶ.

By subtracting the equation 8.14b from equation 8.14a will be achieved an expression of y

in the following form:

=ݕ ݀+ ݁∙ ݔ (8.15)

where ݀ =
(௖మି௖భ)

(௕భି௕మ)
and ݁=

(௔మି௔భ)

(௕భି௕మ)
.

And finally, by substituting the equation 8.15 to the equations 8.14a will be achieved a

quadratic equation from which can be calculated desired x3. This quadratic equation will have

the following form:

(1 + ݁ଶ) ∙ ଶݔ + (2 ∙ ݀ ∙ ݁+ ଵܾ ∙ ݁+ ଵܽ) ∙ +ݔ ( ଵܿ + ݀ଶ + ଵܾ ∙ ݀) = 0 (8.16)

Determination of sliding distance

The sliding distance is a distance over which the cutting edge is in a contact with the

workpiece. The total sliding distance can be calculated from the following equation:

=ݏ
݈

݉ݑ݊ ܾ݁ ݂݋ݎ ݂݈ ݐ݁ݑ ∙ݏ ௭݂
∙ ௦௜௡௚௟௘ݏ (8.17)
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where l is the total milling distance and ssingle is the sliding distance of a single cut as it is

illustrated in fig. 8.7. Because the cutting edge path is approximately circular, the ssingle can be

calculated as a length of circular section, which is given by the following equation:

௦௜௡௚௟௘ݏ = ߮ ∙ ܴ௖ = ܽ ൬ݏܿ݋
ܴ௖− ௘ܽ

ܴ௖
൰∙ ܴ௖ (8.18)

Hence, the final form of the equation 8.17 will be the following:

=ݏ
ܽ ቀ1ݏܿ݋ − ௘ܽ

ܴ௖
ቁ∙ ܴ௖

݉ݑ݊ ܾ݁ ݂݋ݎ ݂݈ ݐ݁ݑ ∙ݏ ௭݂
∙ ݈ (8.19)

Fig. 8.7: Determination of sliding distance of a single cut

Determination of the coefficient K

The last member of the equation 8.8 which must be determined is the coefficient K. In this

method is the K calculated from the following equation:
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ܭ =
∆ܸ

∆s ∙ ேܨ∆

(8.20)

where the symbol Δ means increment. 

Fig. 8.8: Illustration of the relation between coefficient K and theoretical chip area

Fig. 8.9: Histogram of the coefficient K

The coefficient K was calculated for all experiments performed in this chapter. The results

are plotted in fig. 8.8 as a function of the uncut chip thickness. It is evident that the

coefficient K is independent on the uncut chip thickness. However, the calculated values

show significant variations. The average value of K is 1.34·10-9 µm3 N-1 mm-1 and its

standard deviation is 9.64·10-11 µm3 N-1 mm-1. The statistical distribution of the coefficient K
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is shown in fig. 8.9. From comparison of the empirical data with a theoretical distribution

function is evident that the coefficient tends to have the normal distribution. Hence, a

theoretical distribution can be calculated from equation 8.21; where ഥܭ is the average value

and Kstd is the standard deviation.

(௦௧ௗܭ,ഥܭ|ܭ)݌ =
1

௦௧ௗܭ ∙ √2 ∙ ߨ
݁
ି(௄ି௄ഥ)మ

ଶ∙௄ೞ೟೏
మ (8.21)

Total cutting force acting on a worn tool

As it was mentioned at the beginning of this section, the increment of the total cutting

force is due to larger contact area. Hence, the force needed for generation of a chip remains

approximately the same for the new as well as for the worn tool. The only force which is

increasing due to tool wear is the normal (FN) and the frictional force (FT) acting on the tool

relief face as it is illustrated in fig. 8.10. The normal force is acting approximately in radial

direction and its magnitude is a product of contact pressure (pN) and contact area (Acontact).

The frictional force is proportional to the normal force and acts in the tangential direction.

Because the contact area increases with tool wear, it is evident, that both of these forces will

also have tendency to grow.

(a) Forces acting on a new tool (b) Forces acting on a worn tool

Fig. 8.10: Histogram of the coefficient K

Hence, the total force acting on the tool is a vectorial summation of the cutting force, the

normal force and the frictional force (equation 8.22). The coefficient of friction used in this

research for calculation of the frictional force is taken from Concise Metal Engineering Data

Book [129] and its value is 0.5.
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ܨ⃗ = ேܨ⃗ + ܨ்⃗ + ௥,௖௨௧௧௜௡௚ܨ⃗ + ௧,௖௨௧௧௜௡௚ܨ⃗ + ௔,௖௨௧௧௜௡௚ܨ⃗
(8.22)

8.2.5 Prediction of maximum stress

Hence, in this moment the force as a function of milling distance can be calculated. This is

very useful information and can be easily compared with experimental data. However, the

forces themselves do not show anything about tool performance. As it was discussed in the

previous chapter, micro end-mills show large dimensional tolerances. This results in a broad

range of maximum stresses within unique tools. Hence, it is evident that the quantity which

can be used for tool life prediction is the maximum bending stress and not the cutting force.

The stresses are calculated by static FEA in the same manner as it was described in

chapter 7. The tool is loaded by maximum cutting force which is distributed over the cutting

edge. This is done for both minimum and maximum core diameters. Once this is done, the

average maximum stress (equation 8.23) and the standard deviation (equation 8.24) can be

calculated.

=ଵതതതߪ
୫ߪ ୟ୶௖௢௥௘
ଵ + ୫ߪ ୧୬௖௢௥௘

ଵ

2
(8.23)

௦௧ௗߪ
ଵ =

୫ߪ ୟ୶௖௢௥௘
ଵ − ଵതതതߪ

3
(8.24)

Because the measured tool dimensions show normal statistical distribution, and because

the stress calculations are based on a linear analysis, it is evident that also the maximum

bending stress will be normally distributed. Therefore, it is not needed to repeat the stress

analysis for each possibility, and its distribution can be calculated from the following

equation:

,ଵതതതหߪ൫݌ ௦௧ௗߪ
ଵ ൯=

ଵ

ఙೞ೟೏
భ ∙√ଶ∙గ

݁

షቀ഑భష഑భതതതതቁ
మ

మ∙ ഑ೞ೟೏
భ మ (8.25)

Furthermore, because the static FEA is based on a solution of linear equations system, it is

assumed that it is not necessary to calculate the stresses for every set of the cutting

conditions. However, the cutting conditions affect the force distribution over the cutting edge

and consequently location and direction of the resultant cutting force. Hence, the relation
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between inputs (cutting conditions) and outputs (stresses) must be investigated. For this

reason stresses evoked by application of various cutting conditions were calculated. Six

different feeds (1 µm/tooth to 6 µm/tooth), six different widths of cut (10 µm to 100

µm) and six depths of cut (10 µm to 200 µm) were analysed in all possible combinations.

Hence, 216 different sets of cutting conditions were analysed. The feed varies with a period

of 216, the width of cut with a period 36 and the depth of cut with a period of 6. All these

tests were analysed as for the tool with the largest core diameter (0.142 mm) as for the tool

with the smallest core diameter (0.122 mm).

Fig. 8.11: Ratios between the cutting forces and inner stress

Once the stresses are calculated ratios between maximum cutting forces and maximum

tensile stresses are analysed. The ratios for both, the smallest and the largest core diameter,

are plotted in fig. 8.11. Both functions show clear period of 6 tests. This period corresponds

to variation of the width of cut. However, some small differences between the "teeth" are

distinguishable. Therefore, autocorrelation analysis was performed, see fig. 8.12. This

analysis shows that the ratio is not affected by feed, and also the effect of the width of cut is

negligible. The depth of cut is only input with a strong effect on this ratio. Furthermore, a

difference between the ratios calculated for tools with the largest and the smallest core

diameters remains constant.
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Fig. 8.12: Autocorrelation analysis

This is a very important finding for the analysis of the effect of tool wear. The feed does

not affect the direction of the resultant force, and the width of cut has only a minor effect on

the direction of the resultant force. Therefore, it may be concluded that the ratio between the

forces and the stresses is mainly affected by the distribution of the applied force over the

cutting edge. And because tool wear does not affect this distribution and has only a little

effect on the force direction, the stresses within the worn tool do not require further FEA and

they can be easily calculated from equation 8.26.

௪௢௥௡ߪ
ଵ =

ிೢ ೚ೝ೙

ி೙೐ೢ
∙ ௡௘௪ߪ

ଵ (8.26)

These findings help to reduce the number of FEAs (and consequently computational time)

needed for prediction of tool life.

Fig. 8.13: The effects of the K and the core diameter on the range of possible stresses
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Another important issue is that the stresses are affected by many input factors. They can

be divided into two main groups: the tool dimensional tolerances and the effects causing

variations of the cutting forces. In this research are used only two inputs in the manner of

probability distribution: the coefficient K, used in calculation of the forces acting on the worn

tool, and the tool core diameter. Each of them affects the resulting stresses. However, their

importance is different. The stress variations caused by the variation of the K coefficient and

the core diameter are illustrated in fig. 8.13. It is evident that if the variation of the core

diameter has much stronger effect on the resultant bending stresses than the coefficient K.

Actually, if the K coefficient would be assumed to be a constant (single value) it would not

cause any significant error in the prediction of tool life. On the other hand, the variation of

the core diameter causes theoretical variation of the resultant stress in a range of

approximately 400 MPa. Hence, it is clear that this effect cannot be ignored.

Hence, in the case of these two inputs only one (core diameter) has a significant effect on

the stress variation. However, real micro milling process is affected also by many other

factors which may be assumed as statistically variable (other tool dimensions, effects of

workpiece micro structure, coating variations, effects of lubrication, tool run-out etc.). For

example, if the effects of two inputs on the stress variation would be the same, the total range

of possible stresses would be three times wider than the range of the stresses caused by a

single variable input.

Calculation of the probability of maximum stress appearance

Hence, it is important to explain how the probability of maximum stress appearance is

calculated. In fig. 8.14 is the approach illustrated on an example where two different variable

inputs are assumed. In the first phase are calculated the probability distributions of the input

parameters (e.g. two different tool dimensions). These distributions are achieved from the

tool dimensional measurements as it was explained in the previous chapter. In fig. 8.14a are

these probability distributions represented by the blue functions. From these distributions are

for FE stress analysis are from these distributions important only four cases. The first case for

which the stresses need to be calculated is a tool with the minimal first input and the minimal

second input. In the second case is the first input minimal and the second input maximal. In

the third case the first input is maximal and the second input is minimal. And finally, in the
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last case the first input is maximal and the second input is also maximal. Once FE models for

each of the above given cases are prepared, the maximum stresses are calculated. Then the

probability distributions are calculated from the equations 8.23 to 8.25. In fig. 8.14a are these

probability distributions illustrated by the red functions.

(a) Phase 1: Calculation of limiting stress distributions

FEMFEM

p(inp1)

p(inp2)
p(inp2)

p2(σmax)p1(σmax)

inp1(min),
inp2(min)

inp1(min),
inp2(max)

inp1(max),
inp2(min)

inp1(max),
inp2(max)
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(b) Phase 2: Calculation of other (c) Phase 3: Consideration of the first
stress distributions input probability distribution

Fig. 8.14: Principle of calculation of statistically distributed maximum stress

In the second phase are calculated all the other stress probability distributions. This phase

is illustrated in fig. 8.14b. In a general case, the range of p1(σmax) will be different from the

range of p2(σmax). This is because of a non-linear relation between the maximum stress and

tool dimensions (e.g. the maximum stress of a cantilever beam reduces with 3rd power of the

beam diameter and grows with 2nd power of the beam length). Hence, in the ideal case, all the

other probability distributions should be calculated by FEA in the same manner as the

maximum stress probabilities for the limiting dimensions. This would, however, require

extensive computational time. Therefore, a simplification in a form of an assumption of a

linear growth of the probability range is proposed to be used. This simplification will

obviously cause an error in skewness (see fig. 8.15) of the total probability distribution.

However, because this error has no effect on the possible minimum and maximum possible

σmax, it is assumed to be acceptable. In this phase should be followed this approach:

1. Calculate the range of the possible maximum stresses for the first probability

distribution (minimum input 1).

2. Calculate the range of the possible maximum stresses for the second probability

distribution (maximum input 1).

3. Define the range of stresses for which shall be calculated the probability

distributions. This range is restricted by the average σmax from the first and second

probability distribution.

4. Calculate constant a defining increment of the probability range. This is done from

the following equation:

ܽ=
ݒ݁ܽ ݎܽ ݃ ൫݁ߪ௠ ௔௫,ଶ

ଵ ൯− ݒ݁ܽ ݎܽ ݃ ൫݁ߪ௠ ௔௫,ଵ
ଵ ൯

ݎܽ ݊݃ ଶ݁− ݎܽ ݊݃ ଵ݁

(8.27)

5. Define step size Δσmax.

6. Sweep through the possible stresses from ݒ݁ܽ ݎܽ ݃ ൫݁ߪ௠ ௔௫,ଶ
ଵ ൯to ݒ݁ܽ ݎܽ ݃ ൫݁ߪ௠ ௔௫,ଵ

ଵ ൯

with step Δσmax and calculate the relevant probability distributions as followed:

a. Average possible σmax:
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average(ߪ୫ ୟ୶( )݅) = Δߪ୫ ୟ୶(݅− 1) + Δߪ୫ ୟ୶ (8.28)

b. Minimum possible σmax:

min൫ߪ୫ ୟ୶( )݅൯= average൫ߪ୫ ୟ୶( )݅൯−
ܽ ∙ ݎܽ ݊݃ ଵ݁

2
(8.29)

c. Maximum possible σmax:

max൫ߪ୫ ୟ୶( )݅൯= average൫ߪ୫ ୟ୶( )݅൯+
ܽ ∙ ݎܽ ݊݃ ଵ݁

2
(8.30)

d. Theoretical standard deviation from equation 8.24.

e. Probability distribution for i-th step from equation 8.25.

Fig. 8.15: Illustration of the skewed probability function

Finally, in the last stage the total probability distribution of the maximum stress

appearance is calculated. This is done in the following three steps:

1. Each of the distributions calculated in the previous phase is multiplied by

corresponding probability of appearance of the first input (see fig. 8.14c – grey

functions).

2. Then the combined probability distribution is calculated by summing the

probabilities of appearance of each possible maximum stress. Hence, the

probability of appearance of the relevant maximum stress can be calculated from

the following equation:
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௠ߪ)݌ ௔௫
ଵ ( )݆) = ෍ ௠ߪ)௜݌ ௔௫

ଵ ( )݆)

௡

௜ୀଵ

(8.31)

3. However, it is evident that the calculated probability will not give in total 100%.

This is because each of the separate probability distributions gives in total 100%.

Hence, the sum of all probabilities will be a product of number of used probability

distributions and 100%. Furthermore, each of the probability distributions was

already scaled by the probability of the first input in the step. Hence, it is evident,

that the resultant probability distribution calculated from equation 8.31 must be

“scaled”. For this reason is used the following equation for each of the possible

σmax:

௠ߪ)݌ ௔௫
ଵ ( )݅) =

௠ߪ)݌ ௔௫
ଵ ( )݅)

௠ߪ)݌∫ ௔௫ଵ ) ∙ dߪ௠ ௔௫ଵ
(8.32)

8.2.6 Prediction of tool breakage

Fig. 8.16: Determination of tool breakage
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Finally, the risk of tool breakage as a function of milling distance (time) is calculated.

This is done by comparison of maximum stress probability distribution with a breakage

criterion for every time step. This is repeated until all theoretical stresses reach the criterion.

Same as in the previous chapter, transverse rupture strength (TRS) is used as the criterion.

Three different situations are illustrated in fig. 8.16. In the first case all possible stresses are

lower than TRS, and hence, the probability (risk) of tool breakage is 0%. In the second case

some of the possible stresses are lower and some other higher than TRS. Hence, the risk of

tool breakage is higher than 0% but lower than 100%; the specific case illustrated in the

figure shows 50% risk of tool breakage. The third illustrated case shows the situation when

all possible stresses are higher than TRS. Hence, the risk of tool breakage is 100%.

The risk of tool breakage for each step is then equal to cumulative probability function

which can be calculated from the following equation:

௠ߪ)ܲ ௔௫
ଵ ) = 100% ∙ න ௠ߪ)݌ ௔௫

ଵ )
ஶ

்ோௌ

∙ dߪ௠ ௔௫
ଵ (8.33)

The solution of the equation (8.33) is then illustrated in fig. 8.17.

Fig. 8.17: Illustration of a typical risk function of tool breakage
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8.3 Method validation

Validation is an important part of this chapter. It is essential to prove the validity of the

method. However, evidently a comprehensive validation would require tests with a large

number of repetitions (ideally hundreds of repetitions). This is basically because of the

statistical character of the method. Furthermore, the validation should be conducted with

many different cutting conditions to prove its versatility. This is, however, not possible to do

in this research due to high costs of micro end-mills and long experimental times. Therefore,

only a limited validation is performed here. However, the validation tests were chosen as they

would cover as large variety of cutting conditions as possible.

Tool wear, cutting forces (dependent on the milling distance), maximum stresses and tool

life are predicted for three different sets of conditions and then compared with experimentally

achieved data. The cutting conditions used in these tests are listed in tab. 8.2. To achieve a

statistically relevant data each of the tests was repeated 15 times. Although this number of

repetitions is still relatively low for reliable statistical study, it is assumed to be a good

compromise between economical factors of the experiments and the achieved information.

Because the force model used in this research is not sensitive to the rotational speed and also

the experimental study in 8.2.3 shows no significant effect of the speed, only one speed is

used in all experiments. All the other parameters are varied from very high values (e.g.

ap =100 μm) down to very low values (e.g. ap =10 μm).

Tab 8.2: Cutting parameters used for verification

Feed
(µm/tooth)

Width of cut
(µm)

Depth of
cut (µm)

Speed
(rpm)

Test 1 2 10 50 30 000
Test 2 4 20 100 30 000
Test 3 2 90 10 30 000

8.3.1 Results and discussion

In the first step of this study are calculated initial cutting forces. The calculated values and

measured values are compared in tab. 8.3. The measured values are in all analysed cases in a

good agreement with the measured forces. The relative error does not exceed ±10% in any of

the cases. This indicates a suitability of the force model for the tool life prediction.

Tab. 8.3: Comparison of measured and calculated initial cutting forces
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Average
measured cutting

forces (N)

Calculated
cutting force (N)

Relative
error

Test 1 0.198 0.181 -8.58%
Test 2 0.685 0.705 2.92%
Test 3 0.129 0.121 -6.20%

Another important quantity which is analysed in this study is wear progression. The

measured and calculated wear (in form of reduction of cutting radius) is plotted in fig. 8.18.

The measured data are the average values and the error bars represent standard deviations. In

all three cases the calculated wear is in a good agreement with the measured data. However, it

should be noticed that a large variation of the measured wear was found. This variation is,

however, not captured by the currently used wear model. It is assumed that the variation can

affect the tool life in the same manner as the tool dimensional tolerances. Therefore, the

effect of wear variation should be further studied in the future, and if necessary another

model should be proposed.

Fig. 8.18: Comparison of calculated and measured wear

In the next step of the method is calculated maximum cutting force as a function of milling

distance. This is the first step in which is applied a probabilistic approach. Therefore, the

results are presented as a probability distribution of the maximum cutting forces for different
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milling distances. In fig. 8.19 are plotted the predicted and the measured distributions of the

maximum cutting forces for the first set of the cutting conditions for three different milling

distances: 100 mm, 500 mm and 1 000 mm. The measured cutting forces are presented in a

form of counts the maximum cutting force in one of five equally distributed bins.

Fig. 8.19: Comparison of the predicted and measured cutting forces acting on the worn tools; test 1

In all three analysed cases the measured forces are in a good agreement with the predicted

ones. However, for milling distance of 100 mm the predicted forces are shifted down against

the measured values (the average of predicted values is 0.03 N lower than the average of the

measured values). After the milling distances of 500 mm and 1 000 mm the agreement of the

predicted and measured forces is significantly better. Similar agreements of the results were

also achieved with the other two test cases. Hence, it may be concluded that the method gives

valid predictions of the cutting forces for various milling distances.

Once the cutting forces are estimated for different milling distances, the stress analysis can

be performed. The calculated stresses, however, cannot be compared with experimental data

because these are impossible to measure.

In fig. 8.20 are plotted the maximum bending stresses for test 1. Same as in the case of

cutting forces, the stress probability distributions for three different milling distances are

shown (100 mm, 500 mm and 1 000 mm). TRS is also shown in the figure. As it was already

explained above, the TRS represents a critical value over which the tool is predicted to break.

It is evident that for the first two milling distances none of the possible stress is higher than
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TRS. Hence, in these two cases the probability of tool breakage is zero. However, in the case

of the third milling distance (1000 mm) some of the possible stresses are already higher than

TRS. This means that some of the tools are likely to break.

Fig. 8.20: Calculated maximum bending stress, test 1

Fig. 8.21: Calculated maximum bending stress, test 2

In the second test case more aggressive cutting conditions are used. Hence, the tools will

break much sooner. This is confirmed by the graph plotted in fig. 8.21. In this particular case,

all tools are expected to break before reaching milling distances of 500 mm. At the reality

there is already approximately 25% probability that the tool will break after milling distance



135

of 100 mm. Even worse situation can be observed when the third set of cutting parameters is

used, see fig. 8.22. In this case, nearly all tools are predicted to break before reaching milling

distance of 100 mm.

Fig. 8.22: Calculated maximum bending stress, test 3

Based on the stress calculations, tool life is predicted. The measured and calculated lives

for all three tested cases are compared in tab. 8.4 and fig. 8.23. The predicted and measured

tool lives are in all three cases in a good agreement. However, some of the real tools fail out

of the predicted range. It is assumed, that the prediction accuracy can be further improved by

including the effects of the other dimensional tolerances (flute length, cutting diameter,

cutting edge termination geometry etc). This is, however, a topic for the future research.

Tab. 8.4: Comparison of measured and predicted tool lives

Cutting
distance

Broken tools
Predicted Measured

Test 1 610 mm 0 % 7 % (1 tool)
970 mm 25 % 20 % (3 tools)
960 mm 50 % 40 % (6 tools)
1060 mm 75 % 80 % (12 tools)
1690 mm 100 % 93 % (14 tools)

Test 2 70 mm 0 % 13 % (2 tool)
105 mm 25 % 20 % (3 tools)
115 mm 50 % 53 % (8 tools)
130 mm 75 % 93 % (14 tools)
210 mm 100 % 100 % (15 tools)

Test 3 60 mm 0 % 13 % (2 tool)
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70 mm 25 % 40 % (6 tools)
75 mm 50 % 86 % (13 tools)
78 mm 75 % 100 % (15 tools)
105 mm 100 % 100(15 tools)

(a) Whole range

(b) Detail

Fig. 8.23: Illustration of predicted and real tool lives
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Finally, volume removed per a single tool was calculated for all three tested cases. If the

first set of cutting conditions is used, the tool is predicted to break after removing 0.31 mm3 -

0.84 mm3. In the case of the second set of cutting parameters the removed volume is

0.14 mm3 - 0.42 mm3. In the last case one tool removes 0.054 mm3 - 0.095 mm3. Hence, it is

clear that by choosing the first set of cutting conditions the highest material volume per tool

can be removed. On the other hand, the risk zone is the largest one. This information is

extremely important for cost estimation.

8.4 Summary

In this chapter was presented a new tool breakage prediction method. The method is based

on a theoretical modelling with consideration of tool/process tolerances. Unlike any other

prediction method, this method gives statistical results instead of a critical distance (distance

after which all tools are expected to break). Hence, the user receives information about the

risk of tool breakage and the decision if he will accept that risk is up to him. The method is

assumed to help production engineers to plan their manufacturing strategies and estimate the

final product costs and manufacturing times. The method can also be implemented into

cutting parameters optimisation algorithms which can help to set up the most efficient cutting

strategies. Such application of the method is, however, not yet developed and represents a

challenge for the future research.

The theoretical results achieved by the presented method were compared with three sets of

experiments. In all tested cases the theoretical results well agreed with the experimental ones.

This indicates a reliability of the method. However, further validation is still required for

more complex manufacturing strategies. Especially a case with variable input parameters (e.g.

two different widths of cut are applied sequentially on one tool) should be tested. Before the

method can be applied for this type of applications, it still needs further improvements. The

main issue of the current method is the prediction of tool wear. If tool life for micro milling

with variable depth of cut is of interest the wear must be predicted for small sections of the

cutting edge. Hence, discretised model similar to the one used for cutting force should be

used.

However, although the method still needs improvements and some of the models may be

reconsidered in future, it represents the first method able to predict micro end-mill life. The
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main contribution of knowledge of this method is in application of currently available

deterministic models together with a probabilistic approach. Hence, the novelty is in

expressing tool life as a risk of tool breakage.

Furthermore, the issue of process uncertainties is common for all micro-manufacturing

processes. Therefore, it is assumed that some of the principles presented in this chapter can

also be applied to other processes. For example in the case of micro wire EDM, the wire

width has its tolerances which affect significantly wire vibrations and breakage. Hence,

clearly the probabilistic approach should be applied.
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9. Methodology for micro end-mill design

In this chapter is introduced a methodology for micro end-mill design. This methodology

is based on the knowledge gained during this research and explains the most important issues

related to the tool design. In the first section of this chapter is discussed the current state and

its deficiencies. This discussion justifies the need of a new systematic approach. In the second

section are then discussed the main factors which must be considered during the tool design.

This is followed by the methodology and explanation of its steps. In the final part of this

chapter is provided a case study showing an application of the methodology.

9.1 Motivation and objectives

Up to now it was explained in this thesis that scaling down of the tool brings new

challenges such as: premature tool breakage, large dimensional tolerances etc. In the previous

chapters these effects were studied on typical commercial tools. These tools, however, do not

reflect the special needs of micro milling. At the beginning of this research were compared

two different types of end-mills. The first tool type was a micro end-mill with diameter of

0.2 mm as the second tool type had the diameter of 1 mm. From SEM images acquired during

this research was found that both tool types look the same and that the Ø0.2 mm tools are

only proportionally scaled down, see fig. 9.1. This was also confirmed by a study of tools

available in the market. The suppliers offer the same tool types for both micro and macro

scales (see literature review presented in chapter 2).

(a) Ø1 mm end-mill (b) Ø0.2 mm end-mill

Fig 9.1: Comparison of Ø0.2 mm and Ø1 mm end-mills

The author of this thesis, however, believes that the tool design is an important factor

affecting tool performance, and therefore, much higher attention should be paid to this topic.

A systematic and knowledge based designing method is crucial for successful industrial
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applications of micro milling. The systematic approach considering all scaling effects and

micro milling challenges was, however, not found in literature. Therefore, the main objective

of this chapter is:

9.2 Design challenges

The main issue of micro end-mills is that the current tools are not designed with respect of

their needs. It is generally believed that what works in macro scale will also work in micro

scale. However, In many cases this is not truth. There are many differences between micro

and macro milling. These differences are usually not caused by different mechanisms but by

their different importance. Some of the effects which can be easily ignored in macro scale

have devastating effects in micro scale. On the other hand some effects which are important

in macro scale are insignificant in micro scale. Therefore, in this section are discussed

different factors and their effects.

9.2.1 Bending stiffness and maximum bending stress

Fig 9.2: Illustration of a cantilever beam

To develop a systematic and knowledge based method for design of micro

end-mills.



141

As it was already explained in the previous chapters, maximum bending stress is the main

factor affecting tool breakage. In the previous chapters stress distribution was calculated by

FEM and the maximum stress was compared with TRS (if the maximum stress is higher than

TRS, the tool is assumed to break). However, it was not yet explained how it is related to the

tool diameter and the tool length. For this reason an analytical solution of maximum stress in

a cantilever beam with a circular cross-section, as it is illustrated in fig. 9.2, is used here.

Although the real tool shape is much more complex, this simple example can indicate an

importance of the tool dimension effects on tool breakage.

The maximum bending stress of this simple beam can be calculated analytically from

equation 9.1, where F is the applied force, d is the beam diameter and l is the beam length.

ݔܽ݉ߪ =
ܨ

ݕܵ
∙ ݈2 =

32 ∙ ܨ

ߨ ∙ ݀3
∙ ݈2 (9.1)

It is evident that with decreasing beam diameter and increasing beam length maximum

stress (σmax) will increase. For illustration the resulting stresses for beams with length of

1 mm and diameters from 0.1 mm to 1 mm are plotted in fig. 9.3a. Clearly the maximum

stress rapidly increases with decreasing diameter. On the other hand, the beam length has a

reverse effect. In fig. 9.3b is shown the maximum bending stress as a function of the beam

length for beams with diameter of 0.2mm.

(a) Stress as a function of diameter; l = 1 mm (b) Stress as a function of length, D = 0.2 mm

Fig 9.3: Maximum bending stress as a function of a beam dimensions

Another important characteristic is tool stiffness. The lower stiffness results in larger tool

deformations which can negatively affect the final product accuracy and generated surface

quality. Therefore, it is important to keep stiffness as high as possible. However, similarly as
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in the case of maximum bending stress, stiffness is also a function of tool dimensions.

Relation 9.2 is used for calculations of bending stiffness of different cantilever beams and the

resulting trends are then plotted in fig. 9.4. From the figure it is evident, that smaller beam

diameter and the larger beam length result in lower stiffness. This trend is stronger in the case

of very small diameters (e.g. stiffness of a beam with diameter of 0.5 mm is only 16 times

lower than stiffness of a beam with 1 mm diameter, however, beam with diameter of 0.1 mm

has already 626 times lower stiffness than beam with diameter of 0.5 mm) . Hence, it is

evident that in the case of micro end-mills with diameters bellow ~0.3 mm a strong attention

must be paid to this issue.

݇=
ܨ

ߜ
=

3 ∙ ܧ ∙ ௬ܫ
ଷ݈

=
3 ∙ ߨ ∙ ܧ ∙ ݀ସ

64 ∙ ଷ݈
(9.2)

(a) Stiffness as a function of diameter; l = 1 mm (b) Stiffness as a function of length, D = 0.2 mm

Fig 9.4: Stiffness as a function of a beam dimensions

The last characteristic which can be illustrated on the cantilever beam is the natural

frequency. Because milling is a dynamic process it is important to keep in mind dynamic

properties of the tool. Tool chatter is a dangerous phenomenon which can cause unpredictable

tool performance and even premature tool breakage. It is always good practice to keep the

first natural frequency as high as possible. Furthermore, the natural frequencies may be used

for recommendations of suitable speeds (the rotational frequency, and its multiplies, should

never be closed to any of tool natural frequencies). The first natural frequency of a circular

beam can be calculated from equation 9.3. This equation is applied to the same beam

dimensions as in the previous two cases (maximum stress and bending stiffness) and the

resulting trends are plotted in fig. 9.5. Evidently, with decreasing tool diameter and
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increasing tool length the first natural frequency will tend to be lower. Hence, also in this

case higher attention must be paid to the tool design in micro scale, than in macro scale.

଴݊ =
1

2 ∙ ߨ
∙ ඨ

݇

݉
=

݀

8 ∙ ߨ ∙ ଶ݈
∙ ඨ

3 ∙ ܧ

ߩ
(9.3)

(a) 1
st

natural frequency as a function (b) 1
st

natural frequency as a function

of diameter; l = 1 mm of length, D = 0.2 mm

Fig 9.5: 1
st

natural frequency as a function of a beam dimensions

On the simple example of a cantilever beam were demonstrated three important issues

related to micro end-mill design. The maximum bending stress, bending stiffness and the first

natural frequency are three factors affecting tool breakage. Tools with very small diameters

and long lengths (a typical micro end-mill) represent the worst possible case for all of them.

9.2.2 Rake angle and depth of flutes

Another important challenge is an appropriate design of tool cutting edges. Tt is important

in any cutting process to keep cutting forces as low as possible. The higher forces result in

higher tool wear and premature tool breakage. Therefore, it is absolutely essential to keep the

forces in mind during tool design. However, because of various size effects and higher effect

of the tool chatter it is more difficult to control the forces in micro scale than in macro scale.

Common practice of cutting force reduction is using of a positive rake angle. It is well known

fact, that positive rake angles result in shearing dominant cutting mechanism which generates

lower forces than ploughing dominant cutting (typical for negative rake angles). It was

already mentioned in chapter 2 that chip formation in micro scale differs from the one in

macro scale. It is because of scaling down of the process, and therefore, increasing role of the
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cutting edge radius. Chosen feed depends on the used tool, workpiece material and required

surface quality. However, typical feeds in micro milling of steels are between 2 m/tooth and

8 m/tooth. The cutting edge radii of coated micro end-mills achievable by current

technologies are usually between 1.5 m and 2 m. Hence, the dimensions of the uncut chip

thickness and the cutting edge radius are closed to each other. This is very different from

macro cutting where the cutting edge radius is usually significantly smaller than the uncut

chip thickness, and therefore, the effect of the cutting edge radius can be neglected.

(a) Micro end-mill cross-section

(b) Detail of the cutting edge (c) Illustration of the rake angles over

the cutting edge radius

Fig 9.6: Illustration of the rake angles in micro milling

In fig. 9.6 is shown a detail of a typical micro end-mill cutting edge. It is evident that the

rake angle is gradually decreasing over the cutting edge radius. It is also difficult to define

transition point between rake face and relief face. This makes it difficult to predict whether
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the rake angle will have demanded effect on tool performance. Hence, an analysis of chip

formation is an essential part of micro end-mill designing method. Comprehensive

understanding of chip formation is also important for determination of minimum cutting flute

depth and can help to prevent extensive cutting edge chipping. Furthermore, the results of the

analysis can be used for recommendations of suitable cutting conditions (especially feeds).

Because of the small dimension and complex character of micro milling, it is difficult to

analyse the chip formation experimentally. Therefore, chip formation FEA seems to be the

most appropriate approach.

9.2.3 Tool unbalance effect

Another important issue is tool unbalance. Unbalance of any rotating part results in

additional radial forces. The tool unbalance is mainly caused by the tool imperfections.

However, in some cases the unbalance can be caused by the design itself, e.g. inappropriate

single-flute tool design. An important question is how significant the unbalance forces are in

the case of micro end-mills? For this purpose can be the unbalance modelled as a

concentrated mass located on the tool cutting diameter. In this case the force can be

approximately calculated from equation 9.4 where me is the unbalance mass in kilograms, r is

the distance of the unbalance mass from the centre of rotation in millimetres and ߱̇ is a

rotational speed in rotations per minute.

௥ܨ =
݉ ௘

ݎ
∙ ଶݒ =

4

3.6 ∙ 10଺
∙ ݉ ௘ ∙ ∙ݎ ߨ

ଶ ∙ ߱̇ଶ (9.4)

It is evident that with increasing tool dimensions the unbalance mass and its distance from

the centre of rotation will most likely increase. Therefore, in this section the tool unbalance

mass is expressed as a ratio of the unbalance mass and the beam total mass (see equation 9.5).

Same as in the previous section, the effect of the tool unbalance is illustrated on the case of a

cantilever beam.

݉ ௘

݉ ௕௘௔௠
=

݉ ௘

ߨ ∙ ଶݎ ∙ ∙݈ ߩ
= 0 ÷ 0.5 (9.5)



146

The r in the equation 9.5 is equal to the beam diameter (equal to the cutting diameter of

the tool), l is the beam length and ρ is the density (ρWC-Co = 14 653 kg·m-3).

Finally a deflection (δ) of the beam can be calculated from equation 9.6.

=ߜ
௥ܨ
݇

(9.6)

(a) Ø0.2 mm end mill (b) Ø1 mm end mill

Fig 9.7: Relation between tool deflection and unbalance for different speeds and ratios of unbalance

mass/tool mass

The unbalance mass is located on the tool cutting diameter because this case represents the

worst possible situation. The effect of unbalance is analysed on rotating beams with

diameters of 0.2 mm and 1 mm. The beam length is in both cases 1 mm. Hence, the stiffness

of the first beam is 152 N·mm-1 and of the second one 94.98·103 N·mm-1. It means that

stiffness of the beam with diameter of 1 mm is approximately 625 times higher than stiffness

of the beam with 0.2 mm diameter. The analysis was performed for different rotational

speeds from 1 rpm up to 200 000 rpm. The resulting deflections are shown in fig. 9.7. The

calculated deflections for the beam with diameter of 0.2 mm are approximately 100 times

lower than in the case of the beam with diameter of 1 mm. Hence, it may be concluded that

the effect of unbalance is much lower in the case of micro milling than it is in the macro

scale. Furthermore, in the case of the beam with diameter of 0.2 mm realistic deflections

caused by the unbalance are in the order of tens of nanometres. This is assumed to have a

negligible effect on cutting process and tool life. Therefore, the unbalance is not an issue in

micro milling and a designer does not have to pay a special effort to this topic.
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9.2.4 Helix angle effects

On the other hand much higher attention must be paid to optimization of the helix angle.

Two reasons why the helix angle affects cutting performance significantly more in micro

scale than in macro scale are:

 Rapid increase of bending stress with decreasing tool diameter makes locations of any

stress concentrators crucial. Optimization of the helix angle can help to relocate the

main stress concentrators (in the flute termination zone) more appropriately.

 Generally the portion of the tool which is in a contact with the workpiece is much

higher in micro milling than in macro milling. This is illustrated in fig. 9.8 where a

tool with diameter of 1 mm and a tool with diameter of 0.2 mm, both with helix angle

of 30°, are compared. In both cases the assumed depth of cut is 0.2 mm. This depth of

cut can be used as in macro as in micro milling. In the case of the tool with diameter

of 1 mm the maximum peripheral angle engaged in cutting is only 13°, whereas in the

case of the tool with diameter of 0.2 mm it is 66°. Hence, it is evident that the effect

of the helix angle on the resulting cutting forces is significantly higher in the case of

micro milling. Therefore, proper helix angle optimization is absolutely crucial for the

tool performance.

Fig 9.8: Illustration of the micro and macro tools engagement

9.2.4 Critical zones of micro end-mills

Based on the experience gained during the experimental part of this research two critical

zones were identified as they are highlighted in fig. 9.9a. The first critical zone represents the

cutting edge which is in direct contact with the workpiece. The repeated impacts and the
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sliding of the flank face over the generated surface cause tool wear. This results in increasing

cutting forces which lead to higher bending stresses. For illustration a typical cutting edge of

a micro end-mill after removing approximately 2 mm3 of steel is shown in fig. 9.9b.

However, the tool geometry has only a low effect on abrasive tool wear. This wear

mechanism is dominantly affected by the tool and the workpiece materials and chosen cutting

conditions. On the other hand, the tool geometry has a significant effect on the initial cutting

edge chipping. An example of a poor cutting edge design is shown in fig. 9.10. In this case,

the manufacturer has prioritize positive rake angle, and therefore, designed the cutting edge

with a “beak”. This, however, results in extensive stress and consequently in cutting edge

chipping.

(a) Critical zones (c) failed tool

Fig 9.9: Micro end-mill critical zones

Another critical zone of the tool was identified in the transition between the cutting part

and the neck. In this location the cutting edges are terminated. This leads to stress

concentrations. These transition geometries are usually copied from macro end-mills, in

which case the bending stresses are low. However, as it was already discussed above, the

situation in micro milling is different. The bending stresses are high and often lead to

premature tool breakage (see an example of a broken micro end-mill in fig. 9.9c). Therefore,

much higher attention to an analysis of the stresses and carful design of the transition

geometry is absolutely essential. Although optimization of the dimensions can result in a

(b) Worn cutting edge
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certain reduction of bending stress, it is usually not sufficient. It is assumed that new

geometrical solutions can be very beneficial.

Hence, it is clear that the design of micro end-mills requires much higher effort than it is

in the case of macro end-mills.

Fig 9.10: An example of poor cutting edge design [40]

9.2.5 Roughing and finishing applications

Another important issue which must be considered is tool application. Two different cases

can be distinguished as roughing and finishing. Although all the challenges described above

are the same for both of these cases, there are some different demands on each of the tool

designs.

Roughing tools

(a) 2-flutes tool (b) 4-flutes tool (c) 6-flutes tool

Fig 9.11: Cross-sections of the tools with different numbers of cutting flutes
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The roughing tools are commonly used for removing of maximum workpiece material in

the shortest possible time. Surface finish is usually not the primary issue. Therefore, during

designing of the roughing tool a special attention should be paid to minimization of bending

stress. Furthermore, in roughing process are usually required higher feed rates than in the

case of finishing. One of the possible solutions is an increase of the flute depth. This solution

would facilitate an increase uncut chip thickness. Another possible solution is an incensement

of number of flutes. In fig. 9.11 are shown some of the possible cross-sections of the

roughing tools with different numbers of flutes. Evidently the feed per rotation can be almost

six times higher in the case of the tool with six flutes comparing to the tool with a single

flute. However, it must be remembered that the incensement of the number of flutes will most

likely change the stress distribution and in some cases this modification can result in

extensive bending stresses. Therefore, FEA should be always used for study of the suggested

modification effects.

Finishing tools

On the other hand, tools for finishing operations are required to produce the best possible

surface finish. Furthermore, volume removed during finishing operation is much lower than

in roughing. Hence, the feed rates typically used for finishing operations are set to low

values. This is because lower feed rates are assumed to produce lower surface roughness.

This phenomenon is illustrated in fig. 9.12. It is assumed that in the best possible case the

generated surface will copy the cutting edge path. This is of course a simplified assumption,

and at the reality the surface roughness will be affected by many other factors, however, for

an illustration of the feed rate effect this simplification is acceptable. Hence, in this simplified

case, the side wall surface generated by any feed x mm/tooth will look like the blue line in

fig. 9.11 and surface generated with a halved feed will look like the red line. In the second

case the peak-to-valley distance is approximately four times smaller than in the first case.

Similar effect of the feed is also on the bottom generated surface. Hence, clearly the lower

feeds are preferable for finishing operations.

On the other hand, tool deflections may result in lower uniformity of the generated

surface. The deflection is a function of applied force and stiffness. However, because the

applied force (cutting force) will never be absolutely same in two rotations (because of
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various dynamic effects), the bending will have a tendency to fluctuate. Hence, the cutting

edge path will vary during the cutting process. This effect cannot be fully eliminated, but it

can be reduced by increasing tool stiffness. Hence, stiffer tools are preferable for finishing

operations.

These two factors lead to an obvious conclusion that the finishing tools should have

generally lower depths of flutes than roughing tools.

Fig 9.12: Illustration of the effect of feed rate on the generated surface

Another issue is the tool run-out. It is generally not possible to manufacture a perfect tool

and a perfect spindle. Therefore, the tool run-out will always be presented in any milling

process. In fig. 9.13a is shown a cross-section of a tool with two flutes with an illustration of

run-out effect. Clearly, the first flute follows a different tool path than the second flute. This

will result in a rougher surface finish. However, the effect of the tool run-out on the generated

surface can be minimised by a single flute tool design as it is illustrated in fig. 9.13b. Such

tool is also presumed to be stiffer. On the other hand, it is most likely that the single flute tool

will experience an unbalance. However, as it was explained above, unlike in the case of

macro milling in real micro milling the effect of unbalance is not an issue. Hence, the single

flute designs should be assumed as a possibility for finishing operations.
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(a) 2-flutes tool (b) Single flute tool

Fig 9.13: Illustration of the effect of the tool run-out

9.2.6 Consideration of workpiece material

Except of the cases described in the previous subsection, the designer must always consider

workpiece material which will be dominantly cut by the designed tool. It is evident that the

tool which shall be used for cutting of hardened steel must be designed differently than the

tool used for cutting of soft materials like aluminium or copper. In the case of hard materials

the specific cutting energy is significantly higher, and therefore, the feeds are usually set to

low values. Therefore, in this case the designer can consider reduction of the flute depth.

Generally the reduction the flute depth results in larger tool core, and this is advantageous for

tool stiffness. On the other hand, in the case of soft materials, the tool does not have to be as

stiff but usually are used higher feeds. Hence, in this case the core diameter can be reduced

and the depth of flute increased.

This is not as important in the case of macro milling, where the tool stiffness is usually

high, and therefore, the risk of tool breakage is minimal. Hence, the macro tools can be

designed with unified dimensions for wide range of applications. However, in the case of

micro milling, special tools should be designed for various applications. This highlights an

increasing importance of systematic and reliable methods for micro tools design.
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9.2.7 Manufacturing difficulties

Any designer of any product should always keep in mind manufacturing process of the

proposed product. Because of generally lower number of suitable micro manufacturing

processes, it is even more important in the case of the micro products. The micro end-mill

represents one of the geometrically most complex products currently available on the market.

Therefore, manufacturing possibilities of the designed micro end-mill is absolutely crucial.

Manufacturing of micro end-mills is also difficult because of its low stiffness. Most widely

used micro grinding (mechanical machining) generates large forces which result in tool

imperfections and dimensional uncertainties. The consequence of this was already discussed

in the previous two chapters (unpredictability of tool performance). Evidently, a possible

solution is to reduce MRR. This is, however, not preferable for industry because it leads to

higher unit costs.

Another possible solution is to use some of the other manufacturing processes (e.g. micro-

EDM, FIB or micro-LBM). These processes are non contact and do not generate any

significant forces. However, micro-EDM and FIB are even slower and more expensive than

micro grinding. Hence, it would be justifiable for industry only in the case that the tool life

would be significantly extended and the tools could be sold for higher prizes. On the other

hand, micro-LBM is a fast manufacturing process, but is not yet mature.

Each of the possible processes has its strong sides and its weaknesses. The chosen process

affects the possible geometrical complexity, the minimum feature size, surface quality and

tolerances. Hence, the tool design cannot be done without consideration of chosen

manufacturing process.

9.3 Method description

In the previous section were discussed main factors which must be taken in account during

the micro end-mill design. The aim of this section is to organize designing process into a

systematic approach dealing with all the identified challenges. Whole designing process is

based on theoretical analyses whenever they are applicable. For clarity, the method approach

is illustrated in fig. 9.14. It consists of seven stages before the tool prototyping and final

experimental verification. Such method is assumed to be more cost effective than methods
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based purely on experimental studies. It does not require frequent and time consuming

interactions with production process neither large initial investments. The theoretical analyses

also give comprehensive information about the tool, which often cannot be gained

experimentally. If needed, this information can be effectively used for tracking an issue of the

final product instead of chaotic redesigning.

Fig 9.14: Methodology for micro end-mill design

9.3.1 Design of the tool blank

The flowchart describing this phase of tool design is illustrated in fig. 9.15. This method is

described in its general form and it can be applied for optimisation of various dimensions (not

only related to the tool blank).
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Fig 9.15: The tool blank optimization method

In the first stage of this method the tool blank is optimized. The main tool dimensions,

such as the cutting diameter and the maximum cutting length, are defined. Furthermore, the

neck angle and a fillet radius between the neck and the cutting part should also be

numerically optimized. The location between the neck and the cutting part represents a stress
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concentrator and in combination with an inappropriate design of other tool features can lead

to premature tool breakage. Last dimensions which must be decided in this stage are the

shank diameter and the shank length. These dimensions are not critical for the tool

functionality. However, they may affect the tool dynamics and consequently cutting forces or

machined surface. The shank diameter is also one of the factors affecting economical success

of the new tool because it must fit in clamping systems used in the targeted market.

Therefore, clamping systems should be analysed and considered during the blank design.

Hence, in the most general case, six dimensions should be considered. However, usually

some of the dimensions are restricted by customer/market requirements, and cannot be

changed. The cutting diameter is usually given by applications. Therefore, this dimension is

given and cannot be changed without a serious reason. Most usually the minimum cutting

diameter is restricted by tool manufacturing technology or tool fracture properties.

Two optimization parameters are considered during the blank design. The first one is

maximum tensile stress, which should be kept as low as possible. On the other hand stiffness

should be as high as possible. The third parameter which should also be considered during the

tool blank design is a range of safe frequencies. This is not a typical optimisation parameter

like the other two. It is more important for recommendations of operating cutting parameters,

and it is more application related.

9.3.2 Rake angle optimization

Once the tool blank is designed and all its dimensions are defined, the cutting mechanism

should be studied. This is especially important in micro milling because of various size

effects. It is generally not possible to use an experience as it is typical in macro scale cutting.

In this method FEA of cutting process (chip formation) is proposed as the best solution. It is

mainly because of deeper insight into cutting process than it is possible by experimental

investigation.

During this phase should be studied:

 The effect of the tool rake angle on chip formation

 The effect of applied cutting conditions on chip formation
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Based on the information achieved from FEA, the most appropriate rake angle can be

chosen. Furthermore, the information about chip flow can be used for decision on the flute

depth. These two dimensions are the most important for the tool cross-section design.

9.3.3 Design of the tool cross-section

Once the tool blank is designed and the chip formation mechanism understood the tool

concepts should be proposed. This is done in two separate steps. In the first step the tool

cross-section is proposed and in the second step the 3-dimensional shape is proposed.

Hence, first the tool cross-section must be designed. This step requires designer’s intuition

and experience. However, the cross-section should always be designed with a respect of

assumed tool manufacturing method. Generally, it is always advantageous to use simple

designs because these are easier to make. On the other hand, the tool cross-sectional area

should be the largest possible (without affecting the tool functionality). The most important

dimensions in this phase are: rake angle, depth of flute and clearance angle. Furthermore, in

this phase the designer must think about the applications of the proposed tool. Based on this

he should choose the number of flutes.

9.3.4 Concepts of the 3D shape of the tool

This is the second conceptual phase of designing process. In this phase are designed all 3D

features of the micro end-mill. Same as in the previous phase, also this phase requires an

experience and imagination of the engineer. It is generally advantageous to propose several

concepts which are compared and optimised in the following step.

9.3.5 Optimisation of tool dimensions

This phase is generally the same as the optimisation of the tool blank. Therefore, the

flowchart presented in section 9.3.1 can be followed also in this phase. The optimisation

functions are the same: maximum bending stress and bending stiffness. However, the input

dimensions are different (can vary from design to design).

9.3.6 Numerical study of cutting conditions effects

Once, the novel tool is designed it should be analysed for its sensitivity to different cutting

conditions. Two analyses are proposed:
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1) Analysis of tool sensitivity to direction of the applied force. This is very important

especially in the case of micro milling, where the process uncertainties and tool

tolerances can cause variation of the cutting force direction. Hence, clearly the

sensitivity should be as low as possible. In ideal case the stiffness and maximum

stress should not vary when the force is applied in different directions. For this

purpose can be used FE stress analysis of the optimised tool with unit force applied

in different directions (from fully tangential to fully radial).

2) Analysis of tool sensitivity to different cutting conditions. In this analysis the tool

should be loaded by cutting forces (calculated by method presented in chapter 6) for

different cutting conditions. This analysis should identify the most suitable cutting

conditions which should be used with the proposed tool design. This analysis is

important because some micro end-mill designs can perform well with one set of

cutting parameters, but they can be absolutely unsuitable for another set.

9.3.7 CAM simulation of the tool manufacturability

This is the last theoretical phase of the method. It is generally used to verify

manufacturability of the new tool. However, it can also be used for estimation of tool

manufacturing time and costs. The CAM simulations can also be used for development of

new manufacturing strategies (application of new technologies and optimisation of process

parameters).

9.4 Case study: Dual helix tool with freeform flute termination

In this case study is presented a practical application of the proposed methodology.

Particular analyses are used for design of a micro end-mill with a nominal cutting diameter of

0.2 mm and cutting length of 0.5 mm. These dimensions were chosen because they are the

same ones as those of the commercial end-mills used all through this research. This makes it

easier to compare predicted performance of the new tool with performance of the commercial

ones.

The example represents a roughing tool designed for manufacturing of micro moulds.

Hence, a typical workpiece material machined by this tool is similar steel as the one used in

the previous chapters.
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9.4.1 Design of the tool blank

(a) Overall view of a typical micro end-mill

(b) Detail of tool cutting zone (c) Cross section view

Fig 9.16: Illustration of micro end-mill geometry

In the first phase, the tool blank must be designed. According to the methodology this

involves an optimisation of the main tool dimensions with respect to maximum stress and

stiffness. Natural frequencies of the tool blank should be also considered in this phase.

The first step of the methodology is an identification of the dimensions which can be

optimized. In fig. 9.16 is shown a typical micro end-mill with its main dimensions. In total 15

different dimensions can be identified in the figure. However, not all of them are relevant for

the tool blank design. Only the following eigth must be considered: total tool length (l), shank

length (ls), neck length (ln), cutting part length (lp), shank diameter (Ds), cutting part diameter

(Dc), neck angle (ψ) and fillet radius (r). Furthermore, the total length and the neck length are 

dependent on some of the other dimensions. Hence, only six dimensions are independent.
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However, in the reality not all of these six parameters can be varied. The shank diameter is

defined by standard tool holders (or customer requirements). Furthermore, the total length,

the cutting length and the cutting diameter are in this study kept constant.

Hence, only two dimensions are considered as variable inputs: the neck angle and the fillet

radius. The upper and lower limits for the neck angle are set to 5° and 40° respectively, and

an analysis step is 5°. This means that eight different neck angles are analysed. The studied

fillet radii are between 0 mm and 1 mm with a step of 0.25 mm. Hence, the total optimisation

space has eight by five members as it is illustrated in tab. 9.1.

Tab. 9.1: Optimization space

For each of the members are calculated three different outputs: stiffness, maximum tensile

stress and the first natural frequency.

Fig 9.17: Predicted effect of the neck angle and the fillet radius on bending stiffness
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In fig. 9.17 is plotted stiffness as a function of the fillet radius and the neck angle. The

function has a non-linear trend in both directions. Generally it can be concluded that bigger

neck angle together with bigger fillet radius result in higher stiffness.

Fig 9.18: Predicted effect of the neck angle and the fillet radius on maximum tensile stress

The graph in fig. 9.18 shows results of the stress analysis. Also in this case, the best

combination is the largest neck angle and the largest fillet radius. However, the trend of this

function is not as obvious as in the case of stiffness. In the case of absence of fillet radius

(r = 0 mm) the maximum stress has growing tendency with increasing neck angle, as in the

case of r = 1 mm, the trend is reverse. This shows the importance of this analysis.

Fig 9.19: Combined optimisation function
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Although in this particular case the optimal solution is evident (the largest fillet radius and

the largest neck angle), in some other cases it might not be as simple. Especially in the case

when more dimensions are considered, the relations might become more complex and the

decision is more difficult. Therefore, it is always a good practice to follow the next step of the

methodology and calculate the combined optimisation function. Such function is plotted in

fig. 9.19. As expected, this function has its minimum when the radius of 1 mm and the neck

angle of 40° is used.

Except stiffness and tool maximum stress the first natural frequency is analysed in this

case study. The relation between the first natural frequency and the neck angle is shown in

fig. 9.20. From the figure is evident that he fillet radius has no recognizable effect on the

frequency. On the other hand, the natural frequency has a decreasing tendency with

increasing neck angle. Rapid reduction of the frequency may be observed especially for

angles <20° and then the reduction slows down. However, the natural frequency was found to

be sufficiently high in all studied cases. For example for neck angle 20° the frequency is

8 500 Hz. This frequency is much higher than a usual tool rotational speeds (usually the

exciting frequencies are up to 2 000 Hz). Therefore, this characteristic does not affect tool

performance and further analysis is not necessary.

Fig 9.20: Predicted effect of the neck angle and the fillet radius on the first natural frequency
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The final tool blank proposed in this case study is shown in fig. 9.21. According to the

theoretical results the most appropriate neck angle would be 40° and fillet radius 1 mm.

However, because of concerns with tool manufacturability halved neck angle (20°) is actually

used.

Fig 9.21: Micro end-mill blank

9.4.2 Rake angle optimisation

The next phase of the methodology describes an approach of designing rake angle. FEA is

suggested as the main analysis tool for this phase. In this section is presented a practical use

of this approach and discussed its pitfalls and difficulties.

Except of rake angle optimization, the calculated data can be also used for estimation of

minimum flute depth. This dimension is much more critical in micro milling than it is in

conventional milling. Evidently, the main attempt is to provide sufficient space for fluent

chip removal. Hence, bigger flute depth seems to be more suitable. Insufficient flute depth

can lead to chip stacking, what can lead to undesirable BUE effect. On the other hand there is

a clear relation between the core diameter and flute depth. Any increase of one of these

dimensions will result in reduction of the second one. However, as tool stiffness was

mentioned as of the main issues, the core diameter should be as large as possible. These two

requirements (maximum flute depth and maximum core diameter) are contradictory. FEA is

assumed to give a useful indication for solving this issue.
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Description of the FE model

Two-dimensional explicit transient FEM analysis with arbitrary Lagrangian-Eulerian

formulation (ALE) was used for an analysis of chip formation. The ALE formulation was

used only on the part of the model, where are expected large deformation (see fig. 9.22). The

ALE formulation was chosen because of its suitability for solving large deformations

involving contacts. Comparing to traditional adaptive meshing techniques, the mesh based on

ALE formulation has fewer elements, and therefore, it is computationally less expensive.

Furthermore, application of this formulation reduces a risk of appearance of singular (highly

distorted) elements which cause computational instabilities.

The whole model contains approximately 5 000 elements; depending on a feed rate used in

the particular case. The analysed rake angles vary from -10° up to +10° with a step of 5°. All

the rake angles are analysed for feeds of 2 μm/tooth, 4 μm/tooth and 6 μm/tooth. The

rotational speed used for all analyses is 30 000 rpm and the depth of cut is 100 μm. The tool

is modelled as a rigid body with prescribed rotation and translation. Depth of flute used in the

analyses is 20 μm. The cutting edge radius was measured from different micrographs

acquired during this research and the average value of 1.5 μm was used in all of the analysed

cases.

Fig 9.22: Finite element model used for analysis of chip formation
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Workpiece material used in this analysis is 42CrMo4 steel. The material model used in this

research is Johnoson-Cook material model [130]. This model was developed for modelling of

plastic behaviour of ductile materials and is the most widely used model in chip formation

analysis. The yield limit in this model is given by:
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where εp is the equivalent plastic strain, ௣̇ߝ is the equivalent plastic strain rate, T is the

temperature, and A, B, C, n, m, T0, Tmelt and ε0 are material parameters. The material

parameters were adapted from Pantalé [102] and are listed in tab. 9.2.

Table 9.2: Johnson–Cook material law parameters for the steel 42CrMo4 [102]

Constant Value Unit
A 595 MPa
B 580 MPa
C 0.023 -
n 0.133 -
m 1.03 -
Tmelt 1 793 K
T0 300 K

Except of the plasticity model, damage law is necessary to simulate unsteady-state metal

cutting. Johnson-Cook damage law [131] is used in this research. The damage is calculated

for each element and is defined by:

ܦ = ෍
௣ߝ∆

௣ߝ
௙ (9.8)

where ௣ߝ∆ is the increment of the plastic strain and ௣ߝ
௙

is the equivalent fracture strain.

The expression for the equivalent fracture strain is given by:
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The parameters D1, D2, D3, D4, D5 were again taken from Pantalé [102] and they are listed

in table 9.3.
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Table 9.3: Fracture parameters for the 42CrMo4 steel [102]

Constant Value
D1 1.5
D2 3.44
D3 -2.12
D4 0.002
D5 0.1

The classical Coulomb friction is used to model the tool-workpiece contact zone.

According to this law two bodies are assumed to stick together if Tt < µ·Tn and slip if

Tt = µ·Tn; where Tt and Tn represent magnitudes of the tangential and normal force and µ is a

friction coefficient. The friction coefficient used in this work was again adapted from Pantalé

[102] and its value is 0.3.

Results and discussion

(a) The tool with the rake angle -10°, (b) The tool with the rake angle -10°,
position 1 position 2

(c) The tool with the rake angle +10°, (b) The tool with the rake angle +10°,
position 1 position 2

Fig 9.23: Results of the chip formation analysis
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As first it should be mentioned that the stresses and the forces calculated in this analysis

cannot be verified experimentally. The main reason for this is the two-dimensionality of the

model. Hence, the modelled cutting process does not represent an oblique cutting (typical for

milling) but an orthogonal cutting. However, the analysis results can be used as an indication

of the rake angle effects. It is also worth to mention that the same simplification is used by

majority of researchers and it is assumed to be reliable. The reason for using 2D orthogonal

model is the extreme demand of computational power needed for simulating 3D cutting

process. Furthermore, with the current computational methods it is not possible to use parallel

processing for such type of analysis, and therefore, an increase of number of processors does

not lead to required reduction of computational time.

In fig. 9.23 are shown stress distributions calculated for tools with the rake angles of -10°

and +10° respectively. In both cases are shown two different positions, the first position is in

approximately middle of the cut and the second one in three quarters. The feeds are in both

cases 6 μm/tooth. Hence, these two cases represent the maximum and the minimum analysed

rake angles and the largest analysed feed (and also uncut chip thickness). Hence, no of the

other analysed cases should result in a larger chip. It is evident that in the case of the tool

with rake angle of -10° the chip is significantly more massive. Its cross-sectional thickness is

approximately 25% larger than in the case of the tool with rake angle of +10°. On the other

hand, the chip is approximately 25% shorter than the one formed in the second case. Another

thing which can be identified from fig. 9.23 is that the maximum equivalent stress generated

in the chip is approximately same in both analysed cases. This indicates that the modification

of the rake angle will not have a significant effect on properties of the generated surface.

Another important factor is the maximum cutting force. In fig. 9.24 are plotted the

calculated forces as functions of the rake angle. The forces are calculated for three different

feeds. From these results, it is evident that the effect of the rake angle is significantly stronger

in the case of larger feeds. When the feed of 6 μm/tooth is used, the difference between the

maximum cutting forces is ~ 25%, whereas in the case of 2 μm/tooth the difference is only

~7%. This is a very important finding with a significant effect on the tool design. Generally,

in the case of roughing tools, when larger feeds are desirable, it is always a good practice to

use the maximum positive rake angle, while in the case of finishing tools even negative rake

angles can be considered as suitable. The results well correspond to the preliminary
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expectations that the effect of the rake angle is not significant for very small uncut chip

thicknesses.

Fig 9.24: The effect of the rake angle on the resulting cutting force

Because the designed tool in this case study is proposed for roughing operations, larger

feeds are desirable. Hence, obviously the largest positive rake angle should be used.

Therefore, the rake angle of +10° will be used in the next step. Furthermore, the simulations

indicate a suitability of the flute depth of 20 μm.

9.4.3 Design of the tool cross-section

In the previous section were chosen two main dimensions of the tool cross-section. The

final cross-section shape is designed so that the cross-sectional area would be the largest

possible (without limiting the tool functionality). In fig. 9.25 are compared the cross-sections

of the proposed tool (red) and the commercial tool (black).

The proposed cross-section has simpler geometry and more robust geometry than the

commercial tool. The novel design takes in considerations the manufacturing limitations and

promise higher stiffness than the commercial design. Also, unlike the commercial design the

novel design has a positive rake angle.
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Fig 9.25: Comparison of the proposed and commercial micro end-mill cross-sections

9.4.4 Concepts of the 3D shape

This phase of tool design is the most innovative one. It desires an intuition and experience

with designing of similar products. Generally the designer should come with several possible

solutions which will be further analysed and optimised. In this case study are assumed three

different design concepts. All three are based on a free-surface termination of the cutting

edges. This solution enables maximum smoothing of the transition between the core and

outer tool diameters. Hence, the most dangerous sharp edges and corners can be eliminated.

The proposed concepts are shown in fig. 9.26.

The first concept (fig. 9.26a) is the simplest one. In this case the cutting edge continues

through the transition zone with an unchanged angle as it is defined for the cutting zone.

Simultaneously tool core is gradually changing until it reaches the cutting diameter. Than the

transition zone is meshed by small surfaces defined by 3D sp-lines. This approach enables to

produce a smooth transition between the core diameter and the outer diameter. The design

concept with highlighted transition zone is shown in fig. 9.26b.

The second concept is based on an assumption that the continuation of the cutting flute, as

it was done in the first concept, affects a large portion of the tool circumference. This is,

however, not desirable. Therefore, the helix in this case is fluently transformed to the edge

parallel with the axial direction. Also in this case, the transition zone is defined by a mesh of

sp-lines with fluent shapes. This design concept is shown in fig. 9.26c.
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The last design concept is a compromise between the previous two. In this case the cutting

edge helix angle is fluently transformed into a much shallower termination helix angle. In this

design concept the termination helix angle is 10⁰. This design concept is shown in fig. 9.25d.

(a) Commercial micro end-mill (b) First design concept

(c) Second design concept (d) Third design concept

Fig 9.26: Design concepts of new micro end-mills

9.4.5 “Chip pullout”

In this stage it is good to mention one of the common mistakes of industrial tool

manufacturers. All industrial manufacturers spend time and effort on designing of so called

“chip pullouts”. This geometric feature is assumed to lead the removed chip away from the

cutting zone and pull it out to space. A typical example of this geometry is shown in fig.

9.27a. And the expected chip flow is illustrated in fig. 9.27b.

The “chip pullout” geometry is usually copied from macro tools and its effects on the tool

breakage are not analysed. However, it is questionable whether it has any positive effect in
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the case of micro milling. Chips formed during micro milling are very light, e.g. chip formed

during full slotting with feed of 6 μm/tooth and axial depth of 100 μm is approximately

1.8μg. Hence it might be assumed that once the chip is fully removed from the workpiece it

wiil be pulled by air flow. Thus, a study of the air flow can give an idea about chip disposal.

(a) A typical geometry of chip pullout (b) Expected path of a removed chip

Fig 9.27: Pullout of commercial tools

For this purpose is used a CFD analysis of air flow around a rotating micro end-mill. The

analysis is performed with FLUENT 6.3. Classical k-ε turbulent model with enhanced wall

treatment is used in this study. Starting CFD mesh has about 1 million cells with high mesh

density in the zone closed to the tool; average cell edge length in this zone is 1 μm. Adaptive

remeshing technique is used during the simulations. This technique automatically refines the

mesh always when an increment of pressure inside a cell exceeds a critical value. This

approach is commonly used in CFD analyses and helps to minimize a numerical error.

Five different rotational speeds analysed in this study are: 1 rpm, 10 rpm, 100 rpm, 1 000

rpm and 10 000 rpm. In fig. 9.28 are shown streamlines for two limiting speeds (1 rpm and

10 000 rpm). In the first case, the streamlines tend to follow the cutting edges. Hence, in this

case the chip can theoretically rich the location of chip pullout. However, this speed is

unrealistically low and would never be used in any machining process. On the other hand, the

speed of 10 000 rpm represents a realistic case. However, all streamlines in this case are in

planes perpendicular to the axis of rotation and do not show any tendency of following the

cutting edge. Hence, the chip is predicted to flow away immediately after it is fully separated

from the workpiece. Similar air flow trends are clearly noticeable already with low speeds of

10 rpm.
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(a) Tool rotation of 1 rpm (b) Tool rotation of 10 000 rpm

Fig 9.28: Air flow inducted by the tool rotation

Hence, the results of this study indicate that realistically the chip will never reach the

location of the pullout. Hence, an effort of designing these geometrical features has no

positive effect on cutting process and it should not be included in micro end-mill designs.

Finally, it should be noticed that the simulations presented here are very simplified

comparing to the real life situations. However, the assumption about pointlessness of the

complicated pullouts was confirmed by some other researchers (P. Li and A. Massimiliano)

who have used high speed cameras in their research. Their observations confirm that the

chips flow away immediately after they are separated and do not follow the cutting edge up to

the pullout geometry.

9.4.6 Optimisation of tool dimensions

The next step of the micro end-mill design is an optimization of the tool dimensions. In

this cases study are optimised only two dimensions: the helix angle and the transition length

(see fig. 9.29 to fig. 9.31). However, in some other cases more dimensions might be

considered.

For this purpose all three concepts with different helix angles and transition lengths are

analysed by static FEA. The helix angles vary from 10⁰ up to 50⁰ with a step of 10⁰. The
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transition lengths vary from 100 µm up to 500 µm with a step of 100 µm. Hence, 25

simulations are run for each tool. The applied cutting parameters used in this study are:

fz = 2 µm/tooth, ae = 20 µm and ap = 100 µm. The cutting forces are applied in the same

manner as it was presented in chapter 7. Therefore, it will not be further discussed here. It is

just worth to mention that the variable helix angle affects the force distribution over the

cutting edge as well as the total cutting force and its direction. Hence, the cutting force must

be calculated specially for each of the analysed cases.

Although the methodology states that both stiffness and maximum bending stress should

be considered as optimisation parameters, in this case study is analysed only the stress. This

is because the tool is proposed for roughing, and therefore, the stiffness is not an important

issue. Generally the quality and accuracy of the semi-finished product is not as crucial. The

main reason for roughing is a removal of a majority of the unwanted material. This

manufacturing phase is usually planed to reduce the work load for finishing operations. This

shows that the methodology should always be used with a consideration of the tool

applications and it should not be blindly followed step by step.

The resulting maximum stresses for the first concept are shown in fig. 9.29. It is evident

that the stress reduces with increasing helix angle and decreasing transition zone length.

However, in the case of the shallowest helix angle can be observed an increase of the

maximum stress on both limiting transition lengths of transition. The function reaches its

minimum when the shortest transition length is combined with the largest helix angle.

However, this would cause difficulties during the tool manufacturing, and therefore, it was

decided to use helix angle of 40⁰ and the transition length of 200 µm.

The other two concepts show different trends of the stress. Generally, they also show

stress reduction with increasing helix angles and decreasing transition lengths. However,

there is no increase of the stresses in the case of combination of short transition lengths and

shallow helix angles. On the other hand, a clear saddle can be observed when the transition

length is approximately 300 µm and helix angle is over 30⁰. Same as in the previous case it is

assumed that the tool with the helix angle of 50⁰ would be difficult to manufacture with the

current manufacturing methods. Therefore, the transition length of 300 µm and the helix



174

angles of 40⁰ are chosen for these two tool designs. The results of the analyses for the

versions 2 and 3 are shown in figs. 9.30 and 9.31.

Fig 9.29: The dependency of the maximum tensile stress on the transition length and helix angle,

design concept 1

Fig 9.30: The dependency of the maximum tensile stress on the transition length and helix angle,

design concept 2

Fig 9.31: The dependency of the maximum tensile stress on the transition length and helix angle,

design concept 3

Chosen
dimensions

Chosen
dimensions

Chosen
dimensions
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9.4.7 Sensitivity analysis

The sensitivity of the tool to the applied force direction is another important factor which

must be considered during designing process. The cutting force is influenced by many input

factors such as tool wear, workpiece micro structure, machine tool vibrations or tool

inaccuracies. All these factors are variable during cutting process, and therefore, it is

impossible to predict the resultant cutting force direction absolutely accurately. In micro

milling these uncertainties are significantly higher than in the case of macro milling.

Therefore, micro end-mills should always have as low sensitivity to the cutting force

direction as possible. This helps to increase the predictability of tool performance.

For this reason the optimized tool concepts were loaded by a unit force applied in different

directions from 0⁰ to 90⁰. The angle of 0⁰ corresponds to a fully tangential force as the angle

of 90⁰ corresponds to a radial force. For the comparison reasons, the sensitivity of the

commercial tool was also analysed. The results of this analysis are plotted in fig. 9.32. In the

left graph is plotted tool bending stiffness as a function of the applied force angle. The

commercial tool shows the lowest stiffness from all of the analysed cases. Furthermore, the

difference between the maximum and the minimum stiffness of the commercial tool is 17

N·mm-1. This is more than in any other analysed case. Hence, clearly the commercial tool is

more sensitive and has lower stiffness than any of the proposed tool designs. The tool design

version 2 and 3 show very similar stiffness. However, the second version is less sensitive to

the direction of the applied force. Therefore, from this point of view the second tool design is

the most favourable. However, the third tool design is a good alternative.

Fig 9.32: Dependency of the stiffness and maximum tensile stresses on the cutting force direction
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The second graph shows the calculated maximum stresses. Obviously in this case the

minimum values are preferred. Clearly the original design represents the worst of the tested

cases. In this case the lowest stress is evoked by fully radial force. This is, however,

absolutely unrealistic to appear during real machining process. At the reality, the

experimental forces measured during this research always fit to range between approximately

10⁰ and 30⁰. The lowest stresses on this range show the tool version 3. It also shows the

lowest sensitivity to the direction of the applied force. Hence, from this point of view the

third tool design is unbeatably the best one.

9.4.8 The cutting conditions effects on the tool inner stresses

Tab. 9.4: Cutting conditions used in a study of the novel designs

Feed
(µm/tooth)

Width of cut
(µm)

Depth of cut
(µm)

Test 1 4 20 50
Test 2 4 20 100
Test 3 4 20 150
Test 4 4 20 100
Test 5 4 60 100
Test 6 4 100 100
Test 7 2 20 100
Test 8 4 20 100
Test 9 6 20 100

In the subsection 9.4.6 the tool was analysed only for its response to one set of cutting

parameters. However, in the real life various cutting conditions may be required. Therefore,

in this section the tool is analysed for its response to three different sets of cutting parameters.

The applied cutting parameters are listed in tab. 9.4 and they can be divided into three groups.

The first three tests have variable depth of cut, whereas width and feed are fixed to

4 µm/tooth and 20 µm respectively. In the second group of tests are fixed the feed (4

µm/tooth) and the depth of cut (100 µm), whereas the width of cut is variable. In the last

group is variable the feed. The width of cut is fixed to 20 µm and the depth of cut to 100 µm.

In all cases were calculated resultant bending stresses. The same method as the one described

in chapter 7 was used.

The maximum tensile stresses are shown in fig. 9.33. In all of the investigated cases the

three new designs show significant decrease of stresses. The average stress reduction

comparing to the commercial tool is: 40% for the design no. 1, 42% for design no. 2 and 46%
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for design no. 3. Hence, this study confirms the findings from the previous section that the

third tool design is the most promising one.

(a) The effect of the depth of cut (b) The effect of the width of cut
on the inner stresses on the inner stresses

(c) The effect of the feed on the inner stresses

Fig 9.33: The effects of the cutting conditions on the tools inner stresses

9.5 Summary

In this chapter is presented a systematic methodology for designing of micro end-mills.

The methodology is based on the knowledge gained during the experimental and theoretical

research covered in the previous chapters. It takes in consideration the major challenges of

micro end-milling. The chapter is divided into three major parts. In the first part are

comprehensively discussed all the main factors which must be considered during the tool

design. In the second part is proposed the methodology for designing of micro end-mills, and

in the third part is the method demonstrated on a case study.
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In the case study is designed a roughing tool. The tool is a dual helix micro end-mill with

the cutting diameter of 0.2 mm. The theoretical data covered in the case study show a great

potential of the newly proposed design. The novel tool shows higher stiffness (~30%), lower

maximum stress (~40%) and lower sensitivity than the original commercial design. However,

it must be mentioned that the theoretical results are not verified.

The presented method is the first one which takes in account as wide range of different

scaling effects and is designed with a respect of micro-milling challenges. Because a typical

micro end-mill is extremely sensitive tool, it is expected that the tool manufacturers will have

to change their policy and start to produce large variety of specialised tools. Therefore, it is

expected that systematic methods, such as the one presented here, will be highly desirable in

the near future.
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10. Conclusions and recommendations

10.1 Conclusions

In chapter 3 were set four main objectives of this research. All these objectives follow one

common aim of increasing reliability of micro milling process.

Objective 1: Identify the main factors affecting tool performance and develop an

understanding of them

In the first stage of this research were performed benchmarking tests comparing

performance of tools with two different cutting diameters. The first type of tools had cutting

diameter of 0.2 mm. These tools were the smallest ones available in the market at the time of

beginning of the research. On the other hand, the second tool type had cutting diameter of

1 mm. These tools are on a boundary between conventional and micro milling. Furthermore,

in both cases were used coated and uncoated tools. This helps to investigate effects of the

coating in micro milling. During the tests were measured all the major process characteristics

such as cutting forces, wear progression and generated surface roughness.

Wear patterns observed during the tests have not confirmed any difference between

various tool types. Hence, it may be concluded that the wear mechanisms in micro milling are

the same as those in conventional milling. As the dominant wear mechanism was identified

tool abrasion. However, also cutting edge chipping and adhesion of workpiece material on

the cutting edge were observed during the tests. The adhesion was identified as a dangerous

wear mechanism resulting in BUE. The force measurements also indicate that BUE appears

frequently and has a strong effect on cutting process (sudden increase of cutting force acting

on one cutting edge and reduction of the force acting on the second edge). However,

experiments with higher cutting speeds, performed later in this research, have shown that

BUE becomes less important if cutting speed is increased.

The force measurements have identified one of the major differences between micro

milling and conventional milling. Although a theoretical volume removed per cut was

reduced by 125 times when 0.2 mm tools were used, the maximum cutting force has reduced

only 5 times. This indicates an enormous increase of specific cutting energy in the case of
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micro milling. It is assumed that the main reason of this increase is the reduction of uncut

chip thickness to the level closed to cutting edge radius. This leads to ploughing dominant

cutting mechanism which generates higher cutting forces than shearing dominant mechanism

(typical for conventional milling). However, this assumption needs to be further investigated.

Surface roughness generated by Ø0.2 mm and Ø1 mm tools was found to be

approximately the same. This observation is contrary to geometrical surface roughness

modelling methods (based on assumption that surface roughness can be calculated from the

cutting edge path). Furthermore, with progressing tool wear the surface quality generated by

Ø 0.2 mm tools reduces faster than in the case of Ø 1 mm tools.

One of the major issues of micro milling identified during this research is premature tool

breakage. This issue was observed only when Ø0.2 mm tools are used. Hence, it is a clear

difference between conventional and micro milling. Furthermore, it was found difficult to

predict tool breakage in advance. Milling distance, removed volume or machining time do

not show any signal of imminent tool breakage. As the main reason of this unpredictability

were identified large dimensional tolerances of micro end-mills. Therefore, stress analysis is

assumed to be essential for prediction of tool breakage.

The coating was found beneficial in both studied cases. It reduces tool wear and

consequently it has also a positive effect on cutting force increments. Furthermore, in micro

milling also a positive effect of the coating on tool breakage was observed. The coated tools

withstand higher forces and break later than uncoated ones. It is assumed that the coating has

an ability to cover surface imperfections in form of micro cracks and machining marks. The

coating also smoothes sharp edges and corners, and therefore, reduces maximum stresses.

The only negative effect of the coating was observed on the surface roughness. Surfaces

generated by coated tools are generally rougher than surfaces generated by uncoated tools.

Objective 2: Based on the knowledge, propose a tool life prediction method

The knowledge gained from the experiments indicates importance of tool breakage

prediction. This is different from conventional milling where no tool breakage was observed.

Especially the very small micro end-mills with diameters bellow approximately 0.3 mm are

extremely liable to break. The importance of this issue increases with reducing tool diameter.
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Furthermore, it is not possible to prevent the small micro end-mills to break (this is because

of continuous growth of cutting forces due to tool wear). Hence, clearly the tool life has a

different meaning in micro milling than in conventional milling.

In this research was developed a systematic micro end-mill life prediction method. The

method shows a great potential for industrial applications. Experimentally validation has

shown a good agreement of predicted tool lives with the reality. The method is based on FE

stress analysis and statistical analysis of real tool dimensions. The main novelty of this

method is in application of statistical distribution of tool dimensions instead of using nominal

ones as it is usual. Thanks to this approach, tool life is predicted in a form of risk of tool

breakage.

Objective 3: Investigate possibilities of tool life extension through improvements of tool

geometry

Tool geometry is another important issue of micro milling. Although it is well known fact

that the reduction of tool diameter has strongly negative effect on bending stress and

stiffness, the current tool designs do not respect it. The commercial micro end-mills were

found to be a scaled down copies of conventional end-mills. This practice is, however,

absolutely inappropriate and needs to be changed. It is evident that because of micro end-mill

predisposition to premature breakage, micro end-mills must be designed with much higher

attention than conventional tools. There is a large number of factors affecting tool life in

micro scale. In this research were identified as the most critical:

 Tool wear, which leads to increase of cutting forces.

 Sharp geometric features in exposed zones (concave edges and sharp corners)

representing dangerous stress concentrators.

 Low bending stiffness, which leads to higher machining errors and also to higher

bending stresses.

Hence, it is evident that the challenge is to reduce tool bending stresses and increase tool

stiffness. As the best solution seems to be reduction the number of sharp geometric features

and the remaining ones relocate to less critical zones. One of the possible solutions is to use
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designs with variable helix angles. Furthermore, the tool geometries should be designed with

a minimum number of features and with the highest possible cross-sectional area.

Another important issue is tool sensitivity to the cutting force direction. Especially in the

case of micro milling, the direction of resultant force is highly instable. This is because of

high effect of various uncertainties, chatter, and also because of the effect of tool wear.

Therefore, the micro end-mills should be designed with a low sensitivity to the resultant force

direction.

On the other hand, the theoretical analysis indicates low importance of tool unbalance.

This is very different from the conventional milling, where tool unbalance is an important

issue causing machining errors. The finding that tool unbalance is not critical in micro

milling opens new possibilities. Unbalanced single flute tools may be designed with

maximized core cross-section. This can be used for new highly stiff designs which can

significantly increase tool life.

The research also highlighted a need of specialised designs for various applications. This

issue arise from extreme sensitivity of micro end-mills to various factors. This leads to

necessity of a systematic designing method which can speed up and utilise development of

new micro end-mills.

Objective 4: Develop a systematic methodology suitable for micro end-mill design

Based on the knowledge gained during this research a systematic methodology for micro

end-mill design was developed. The main novelty of this method is in its broad scope of

issues which are considered. In this sense it is the first systematic method tailored for micro

end-mill design.

The method was presented on a case study in which a roughing dual helix micro end-mill

was developed. The theoretical results achieved in this case study show approximately 45%

reduction of bending stresses within the proposed tool comparing to the commercial one. This

reduction was achieved by two main improvements of the tool geometry. First the tool cross-

section was redesigned as a larger cross-sectional area was achieved. Secondly, the cutting

edge termination zone was also redesigned so that a fluent termination could be achieved.
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Main contributions of knowledge are:

 The effects of the coatings on micro end-mill life were identified. Except of well

known effect on tool wear, a positive effect of coating on tool breakage was observed

(the coated tools withstand higher cutting forces). This effect of the coating was not

yet described in relevant literature by anyone else.

 The effects of dimensional tolerances on micro end-mill stresses were quantified.

Although, the quality of micro end-mills is a well known issue, nobody has quantified

it so far. The theoretical results in this thesis are the first ones identifying the scale of

this effect.

 A new tool life prediction method was developed. The method is based on a new

approach combining statistical analysis of tool dimensions and analytically-numerical

models. This method is the first one able to give realistic prediction of micro end-mill

life.

 Systematic methodology for designing of micro end-mills was proposed. Although,

some of the researches have presented new micro end-mill designs, none of them has

considered as wide range of scaling effects as it is presented in this thesis. Hence, the

methodology is the first one considering various challenges including chip formation,

tool breakage and manufacturability.

10.2 Recommendations for future research

The results and conclusions drawn from this research lead to the following

recommendations for further research:

 Determination of cutting force model coefficients by FEA of chip formation.

 Further validation of the proposed methods.

 Extension of the tool life prediction method by implementation of other relevant

factors.

 Exploitation of the methods by their implementation in commercial software.

 Development of novel coatings preventing tool breakage.
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Determination of cutting force model coefficients

The method of cutting force determination shows a good agreement with experimental

data. However, the weakness of the method is in determination of the specific cutting energy

and the proportional constant. These coefficients are determined experimentally, and they are

assumed to be the main cause of model errors. Furthermore, the coefficients must be

determined from full slotting milling. This is, however, very difficult in the case of

machining of hard materials with very small micro end-mills. It is assumed that in some cases

it is not possible to achieve these coefficients experimentally at all. A possible solution of this

issue is determination of the cutting force model coefficients from numerical simulations of

chip formation. Such approach was recently proposed by S. Afazov [84]. This model is

claimed to give accurate predictions of micro milling cutting force. It is recommended to

exploit possibilities of this approach and implement it into the method used in this research.

Validation of the proposed methods

Although the methods developed in this research show high potential, they should be

further validated. This is, however, a challenging task because of large variations of micro

end-mills. For example, the tool life prediction method was validated by three different sets

of tests (each with 15 repetitions). These tests have shown a good correlation with the

predicted tool lives. However, further validation with more repetitions and wider range of

cutting parameters is still required. Furthermore, a validation of the method for more complex

machining strategies should be also performed.

Extension of the tool life prediction method

The tool life prediction method presented in this thesis shows a good agreement with

experimental tests. The method, as it is presented here, implements the effect of tool

dimensional tolerances and uncertainty of maximum cutting force progression. However, in

real machining process are presented also other uncertainties such as tool run-out, cutting

edge chipping, BUE or chatter. Their effects have not been studied in this research, but they

are assumed to be important source of errors. Therefore, it is essential to continue in

development of the method and implementation of the further factors.



185

Furthermore, the method in the current state predicts only tool life. Although, this is very

important information for estimation of final product costs and machining times, further

information about the product quality is required. Hence, it is suggested to implement the

surface quality and product accuracy prediction method.

Exploitation of the methods

The methods (especially the tool life prediction method) give new opportunities for

industry to predict product costs and delivering times. This information helps to increase the

competitiveness of micro milling. However, before the potential of the proposed methods can

be fully exploited, they must be offered to industry in an easy to use form. As the best

approach seems an implementation of the methods into existing software. However, before

this will be possible, the compatibility of the methods with existing approaches must be

increased. For example, it is not comfortable to prepare the workpiece model by direct

numerical prescription of the geometry as it was done here. It would be much more

comfortable to use capabilities of existing CAD/CAM software. Furthermore, by combining

the newly developed methods with capabilities of existing CAM software, new cutting

parameters optimisation methods can be developed.

Development of novel coatings preventing tool breakage

During the experimental study included in this research was identified a new effect of tool

coating. The coating helps to increase the critical force (force acting on the tool in the

moment of breakage). It is assumed that the coating mask surface defects and smooth sharp

edges. However, this effect of the coating was not further studied in this research. Therefore,

it is recommended to research new coating materials and new coating structures. It is

assumed, that by application of nano-layered tough coatings the tool life can be further

improved.
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Appendix B: An example of an analysis of a new micro

end-mill

Every new tool used in this research was comprehensively analysed by SEM and EDS.

This analysis is essential for good knowledge about tool geometry and material composition.

The images were also used for qualitative evaluation of the tools. Any distinctly defected and

abnormal tools were not used for further research.

The SEM images were also used during preparation of the tool models used for stress

analyses. Furthermore, knowledge gained from the SEM analysis was used in chapter 7 for

determination of the tool tolerances and in chapter 9 for FEA of chip formation.

B.1 SEM analysis

Every tool was studied from four different sides and from front. This method gives a very

comprehensive knowledge about tool geometry. In the following figures are shown examples

of SEM images of the tool from different sides. Magnifications used in this analysis are: 100x

(representing overall tool geometry), 350x (detail of the tool tip) and 800x (detail of the

cutting edge).

Fig B.1: Front view of Ø0.2mm uncoated tool (350 times magnified)
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(a) Overall view (mag. 100x)

(b) Tool tip view (mag. 350x) (c) Cutting edge detail (mag. 800x)

Fig B.2: SEM images of first side of a typical uncoated micro end-mill
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(a) Overall view (mag. 100x)

(b) Tool tip view (mag. 350x) (c) Cutting edge detail (mag. 800x)

Fig B.3: SEM images of second side of a typical uncoated micro end-mill
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(a) Overall view (mag. 100x)

(b) Tool tip view (mag. 350x) (c) Cutting edge detail (mag. 800x)

Fig B.4: SEM images of third side of a typical uncoated micro end-mill
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(a) Overall view (mag. 100x)

(b) Tool tip view (mag. 350x) (c) Cutting edge detail (mag. 800x)

Fig B.5: SEM images of fourth side of a typical uncoated micro end-mill
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B.2 EDS analysis

The second step of new tool inspection is EDS analysis. This, however, was not conducted

with all new tools due to its time demands. Also, the material composition was found not to

vary between unique tools as much as the geometrical features. Hence, it has no sense to

investigate every tool with highly comprehensive EDS analysis.

The EDS analysis shown in this appendix consists of two steps. First was done a spectrum

analysis in chosen locations. This helps to estimate quantity and distribution of material

components.

An example of this analysis of tool tip is shown bellow.

Tab. B.1: Weight % of the chemical components – front view

Num. of spectrum /
Chemical element

C W Co Cr

Spectrum 1 (overall) 12.09 82.73 4.88 0.31
Spectrum 7 (overall) 11.86 82.75 5.05 0.34

Spectrum 2 8.87 86.82 4.04 0.27
Spectrum 3 8.31 89.14 2.35 0.20
Spectrum 4 8.55 85.84 5.24 0.37
Spectrum 5 8.26 86.66 4.74 0.35
Spectrum 6 8.18 88.73 2.64 0.45

After spectra analysis, maps of elements were analysed. A typical map is shown in fig.

B.7. Furthermore, the distribution of elements was checked for its uniformity. This was done,

by counting the elements in different locations of the tool. The distribution of the elements in

this example is then plotted in fig. B.8. It is clear, that the distribution is fairly uniform and

does not show any abnormalities.

These analyses were done on the tool tip and on all four sides of the tool.
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Fig B.6: Distribution of EDS spectra on a tool tip

Fig B.7: Distribution of the chemical elements over the tool tip surface
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Fig B.8: Distribution of chemical elements on the tool tip
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