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This study addresses the strategies for developing the
cutting tools used in the material removal process
called milling from the viewpoint of sustainable manu-
facturing. Sustainable manufacturing can be achieved
by improving the material, energy, and component ef-
ficiencies, simultaneously. Cutting tools are just as im-
portant as machine tools and process planning to the
achievement of the abovementioned efficiencies. Ac-
cordingly, this study describes two strategies based
on high cutting velocity and feed per revolution, re-
spectively. Exercising the strategy of high cutting ve-
locity requires a Monte Carlo simulation-driven opti-
mization technique. It helps make a balance between
the tool material driven environmental burden and the
user-defined maximum allowable cutting velocity. Ex-
ercising the strategy of high feed per revolution re-
quires an innovative problem-solving procedure (e.g.,
TRIZ). It helps create novel solutions (e.g., an oval-
shaped milling tool) that eliminate the causes of un-
stable cutting forces or vibrations when the tool passes
over sharp corners. Thus, this study clearly shows that
developing a milling tool from the viewpoint of sus-
tainable manufacturing requires a multi-faceted ap-
proach. Similar strategies can be used to solve the
problems involved in developing other cutting tools.

Keywords: sustainable manufacturing, milling, cutting
tool, monte carlo simulation, TRIZ

1. Introduction

The global cutting tool market is a large one – worth
tens of billions of US dollars per year [1]. To support
this market, cutting tool developers are providing innova-
tive products (cutting tools) that help meet the diversified
needs of the users in automotive, aerospace, biomedical,
and energy industries around the globe.

This study deals with strategies for developing cutting
tools to perform a material removal process called milling
from the viewpoint of sustainable manufacturing. Before
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Fig. 1. The concept of sustainable manufacturing.

going into the strategies, it is important to describe the
concepts of sustainability, sustainable manufacturing, and
to review the relevant research trends.

Refer to the scenario illustrated in Fig. 1. It de-
scribes the general concepts of sustainability and sustain-
able manufacturing.

First note in Fig. 1 the interplay of manufacturing with
the natural and artificial worlds. The natural world is full
of resources – land, water, air, ores, biomass, and hy-
drocarbons – whereas the artificial world is full of prod-
ucts. Any product consists of certain components. Along
with natural resources (land, water, and air) and enablers
(e.g., investment, infrastructure, machines, tools, humans,
and systems), primary materials and energy are needed
to manufacture a component. Primary materials and en-
ergy, on the other hand, are extracted from such natural
resources as ores, biomass, and hydrocarbons. As a result,
enriching the artificial world using the products depletes
the natural resources, exhausting the natural world’s po-
tential to meet the future human needs (i.e., future needs
of products). Therefore, a synergistic co-existence of both
natural and artificial worlds is desirable. To achieve this,
the United Nations has adopted a broad concept called
sustainability – fulfillment of current needs without low-
ering Earth’s potentials to fulfill the future needs [2].
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By now, the concept of sustainability has influenced al-
most all socio-economic sectors [3] including the man-
ufacturing sector [4, 5]. In manufacturing, sustainabil-
ity is practiced under the umbrella of sustainable man-
ufacturing where the intention is to keep a fine balance
among such issues as productivity, quality, profit, and en-
vironmental burdens (or resource depletion), as schemat-
ically illustrated in Fig. 1. Most importantly, three effi-
ciencies, namely, material, component, and energy effi-
ciencies, must be considered to ensure that a manufac-
turing activity preserves the norms of sustainable manu-
facturing [5]. Material efficiency in particular can be en-
sured by reducing the usages of materials, reducing mate-
rial waste, increasing material yield, making lighter com-
ponents/products, and using eco-friendly materials (i.e.,
using materials with smaller CO2 footprints and materi-
als that require fewer resources for their primary produc-
tion) [5, 8]. On the other hand, energy efficiency can be
improved by reducing energy usage and increasing the us-
age of cleaner or renewable energy sources in the man-
ufacturing of finished components/products [4, 5]. The
other efficiency is called component efficiency that has
to do with the quality- and productivity-related issues of
a component or product [5, 9]. Studies show that mate-
rial efficiency is more effective than energy efficiency in
terms of achieving sustainable manufacturing [5, 6]. In
addition, improving material efficiency may affect energy
and component efficiencies [5, 9]. Thus, the abovemen-
tioned efficiencies are interrelated, and sustainable manu-
facturing is supposed to provide solutions for dealing with
this interrelation systematically.

Let us focus on the research trends in sustainable man-
ufacturing. Studies on sustainable manufacturing can be
divided into two major categories. In one category, the
sustainability of manufacturing is studied from global
perspective over relatively long timeframes [10]. This
study does not have such focus. The focus of this study
makes it fall in the other category, i.e., micro-level sus-
tainable manufacturing, where the sustainability of man-
ufacturing activities is studied at the process-level, es-
pecially from the viewpoint of process planning, ma-
chine tools, cutting fluids and subsurface damages, sur-
face roughness, job-shop and factory-level activities. In
most cases, the authors focus on the aspects of energy effi-
ciency [11] and suggest better solutions, e.g., small-sized
machine tools [12, 13], process planning [14, 15], coor-
dination among machine tools in a factory [16], coolant
usages [17], and the concept of the underground fac-
tory [18]. There have been studies other than the energy
efficiency-related studies that have dealt with the mate-
rial and component efficiencies, e.g., cryogenic machin-
ing technology to increase material efficiency by reduc-
ing subsurface damages caused by machining [19] and
surface metrology-related studies [9]. Apart from ma-
chine tools, processing planning and other physical and
metaphysical resources, a cutting tool is also required to
remove materials from a job. The tool may leave a sig-
nificant amount of environmental burden [8]. Thus, it
is difficult to achieve material, energy, and component

efficiencies, without having a properly designed cutting
tool, even though the other factors (machine tools, process
planning, and coolant) are designed and chosen properly.
In the literature on sustainable manufacturing, the cutting
tool has not yet been given proper attention. This study
sheds some lights on this issue. In particular, the cutting
tools used in milling operations – hereinafter referred to
as milling tools – that are extensively used in die and mold
industry are considered in this study. Some of the strate-
gies for developing a milling tool from the perspective of
sustainable manufacturing (i.e., from the perspective of
materials, energy, and component efficiencies) are cov-
ered in this article.

The remainder of this article is organized as follows.
Section 2 describes the general strategies for developing
milling tools. Section 3 describes a specific strategy for
developing milling tools putting emphasis on cutting ve-
locity. Section 4 describes another specific strategy for
developing milling tools putting emphasis on feed per rev-
olution. Section 5 contains our concluding remarks.

2. General Strategies for Developing Milling
Tools

A cutting tool is needed to remove materials using
milling, as in any other material removal processes. When
the milling tool removes materials from a workpiece (job),
four (main) cutting conditions, namely, cutting velocity,
feed rate, width of cut, and depth of cut are got involved.
These are described in Section 3. As mentioned above,
an incorrectly designed cutting tool might affect the cycle
time due to excessive tool wear and breakage, resulting in
low productivity, profit, quality, and environmentally un-
friendly manufacturing. While designing a cutting tool,
(tool) developers consider certain strategies as they do in
all product development processes [20, 21]. These strate-
gies must be directed toward fulfilling the needs of the
milling tool users, as schematically illustrated in Fig. 2.
While using a milling tool (or any other cutting tools), the
user simultaneously wants to be environmentally friendly,
productive, economically sound (profitable), and quality-
compliant (see Fig. 1, as well). To meet these needs, cut-
ting tool developers consider a set of strategies that evolve
from the answers to the following questions:

• Should we aim to develop a cutting tool that is suit-
able for a high cutting velocity?

• Should we aim to develop a cutting tool that is suit-
able for a high feed rate?

• Should we aim to develop a cutting tool that is suit-
able for a depth of cut?

• What kind of material we should use in fabricating
the cutting tool?

• How do we prevent the breakage in a cutting tool that
receives excessive vibrations?
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…

Fig. 2. A scenario of cutting tool development.

• How do we reduce the CO2 footprint of a cutting tool
while we are manufacturing and using it?

• How do we compete with other makers of cutting
tools?

Needless to say, there are no straightforward answers
to the above questions. Milling tool developers rely on
some strategic procedures in tackling the challenges they
face while answering the above questions. In most cases,
the parameters associated with the material removal rate
Q (cm3/min) help identify the underlying strategies. This
leads to three different general strategies: high cutting ve-
locity, high feed rate, and high depth of cut strategies.
Based on a previous study [8], these three strategies can
be described, as follows.

As mentioned, when a milling tool removes materials
from a workpiece (job), there are four main cutting condi-
tions: cutting velocity, feed rate, width of cut, and depth
of cut. Apart from these, the parameters of the tool are
also involved, as shown in Fig. 3. The parameters shown
in Fig. 3 are the feed rate Vf (mm/min), depth of cut
ap (mm), width of cut ae (mm), rotational speed of cut-
ting tool N (rpm), and diameter of cutting tool D (mm).
The other important parameters are the cutting velocity
Vc (m/min), feed per cutting edge fz (mm/cutting-edge-
rev), and feed per revolution fr (mm/rev), which are not
directly illustrated in Fig. 3. The material removal rate Q
(cm3/min) of a milling operation is expressed as follows:

Q =
apaeVf

1000
. . . . . . . . . . . . . . (1)

The feed rate is related to other parameters, as follows:

Vf = fzZN = frN. . . . . . . . . . . . (2)

In Eq. (2), Z denotes the number of cutting edges (in
Fig. 3, Z = 4) and fr denotes the feed per revolution
(mm/rev) i.e., the linear distance traveled by the tool in
a full revolution.

The width of cut ae depends on the diameter of the cut-
ting tool D, and the maximum possible ae is equal to D.
This yields the following expression:

ae = eD e = [0, 1] . . . . . . . . . . (3)
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Fig. 3. Basic cutting conditions of an end milling operation.

The cutting velocity Vc is given as

Vc =
πDN
1000

. . . . . . . . . . . . . . . (4)

Thus, the rotational speed N can be expressed as

N =
1000Vc

πD
. . . . . . . . . . . . . . (5)

Substituting N from Eq. (5) into Eq. (2) yields

Vf = fr

(
1000Vc

πD

)
. . . . . . . . . . . . (6)

Substituting ae and Vf from Eq. (3) and Eq. (6), respec-
tively, to Eq. (1) yields

Q =
( e

π

)
ap frVc. . . . . . . . . . . . . (7)

As seen in Eq. (7), the material removal rate Q can be in-
creased by increasing e, ap, fr, and Vc. The parameter e
depends on the tool path, on the diameter of the tool, and
on the shape of the workpiece (i.e., it is a user-defined
or operation-dependent quantity). Thus, this parameter
is somewhat difficult to consider at the cutting tool de-
velopment stage. The other three parameters, i.e., depth
of cut ap, feed per revolution fr , and cutting velocity Vc,
lead to three different strategic procedures for the devel-
opment of a milling tool, as schematically illustrated in
Fig. 4. The rectangular box in Fig. 4 shows the amount
of Q. As seen in Fig. 4, one of the strategies is to develop
a milling tool that performs well at a very high cutting
velocity, as schematically illustrated in the first case on
the left in Fig. 4. Another strategy is to develop a milling
tool that performs well at a very high feed per revolution,
as schematically illustrated in the middle case in Fig. 4.
The other strategy is to develop a milling tool that per-
forms well at a very high depth of cut, as schematically
illustrated in the last case on the right in Fig. 4.
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Fig. 4. The general strategies for developing milling tools.

However, these strategies are interrelated, i.e., imple-
menting one of the strategies requires the support of oth-
ers. To elucidate the relations among these strategies, the
interplay of the first two strategies is described in detail
in the following two sections. For the ease of description,
the strategy of high cutting velocity is described first fol-
lowed by the strategy of high feed per revolution.

3. Implementing the Strategy of High Cutting
Velocity

This section describes how to implement the strategy
of high cutting velocity (the strategy shown on the left in
Fig. 4). While developing a milling tool (or any other cut-
ting tools) by applying this strategy, the interdependency
of the cutting tool material, cutting tool wear and its envi-
ronmental burden, and cutting velocity must be dealt with,
systematically. Otherwise, the tool cannot be realized.

First, consider the interdependency of the cutting veloc-
ity, tool wear, and tool material. In most material removal
cases, the degree of tool wear predominantly depends on
the cutting velocity. An increase in the cutting velocity
results in an increase in the tool wear or a decrease in the
tool life. Therefore, the maximum allowable cutting ve-
locity of a cutting tool depends on the material used to
fabricate it. (Other factors, e.g., rake angle, clearance an-
gle, and coating, are not considered at the level of strate-
gic decision. These are considered downstream in the tool
development process. These issues are out of scope of
this study, however.) Here, the maximum allowable cut-
ting velocity means the cutting velocity beyond which the
tool exhibits an unacceptable degree of tool wear result-
ing frequent tool change, high material loss and cost, and
low productivity. Therefore, developing a cutting tool that
performs well at a very high cutting velocity means select-
ing a cutting tool material that allows a high maximum
allowable cutting velocity.

On the other hand, the wear resistivity of a tool mate-
rial increases with the increase in its hardness, modulus
of elasticity, and fracture toughness. It is, however, dif-
ficult to maintain all these three properties in a concur-
rent manner. Therefore, it is difficult to have a material
that is perfect for a cutting tool. Nevertheless, as far as
the high cutting velocity (or maximum allowable cutting
velocity) is concerned, the single crystal diamond is the
best material, followed by the single crystal Cubic Boron
Nitride (CBN), Polycrystalline diamond, polycrystalline
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Fig. 5. Material efficiency of commonly used tool materials.

CBN, cermets, tungsten carbide, and High-Speed Steel
(HSS). In addition, different types of single or multilayer
coatings make the tool more wear resistive at high cutting
velocities.

In terms of material efficiency of a tool material, the
material of a tool that exhibits high maximum allowable
cutting velocity is, unfortunately, low. To understand this
more clearly, let us consider some of the commonly used
cutting tool materials denoted as A, B, and C. Here, A
means the materials based on HSS, B means the materials
based on HSS but further hardened by adding Tungsten or
Molybdenum alloys, and C means the materials based on
cermets, carbides, or Boron Nitrides. It is worth mention-
ing that the materials denoted as C are now more wildly
used than tool materials A or B. The maximum allowable
cutting velocity of A is quite low compared to that of B.
The maximum allowable cutting velocity of B is quite low
compared to that of C. Therefore, from the viewpoint of
maximum allowable cutting velocity, the preference list
of tool materials is C � B � A. If material efficiency is
considered, then the preference list, C � B � A, may not
be right for all cases. To understand this, consider the
material efficiency relevant information of A, B, and C as
shown by the plots in Fig. 5.

Figure 5(a) shows the relative positions of the ma-
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terials on a plot of water usage (l/100cc) versus price
(USD/100cc) whereas Fig. 5(b) shows the relative posi-
tions of the materials on a plot of the CO2 footprint of pri-
mary material production (kg-CO2/100cc) versus the CO2
footprint of material processing (kg-CO2/100cc). Both
plots use the sustainability data available in the database
supplied by the CES Selector developed by Granta De-
sign [22]. Here, the CO2 footprint of material processing
for A and B means the average CO2 footprint of casting,
forging, rolling, machining, grinding, vaporization, and
powder forming. On the other hand, the CO2 footprint
of material processing for the other group of materials
(C) means the average CO2 footprint of ceramic powder
forming, only, because powder forming is the most widely
used for processing C. However, as seen in Fig. 5(a), the
primary production of A and B needs more water than
does the primary production of C, and the CO2 footprints
of the primary production of B and C are much higher
than that of A. In addition, as seen in Fig. 5(b), CO2 foot-
prints of material processing are almost the same for both
A and B, whereas, it is high for C with some exceptions.
The CO2 footprint of primary production of A is much
lower than that of B. The CO2 footprint of primary pro-
duction of some of the materials in C is comparable to
those in A and B, whereas it is quite high for some other
materials in C. Therefore, from the viewpoint of material
efficiency, the preference list of tool materials is A � B �
C, not C � B � A. Thus, a conflict between the material
efficiency and strategy of high cutting velocity (i.e., high
maximum allowable cutting velocity) persists. To address
this conflict, an optimization procedure is needed. One
plausible optimization procedure is described in the fol-
lowing subsection.

3.1. Optimization
This subsection describes an optimization procedure

for dealing with the conflict between the material effi-
ciency and strategy of high cutting velocity (i.e., the high-
est allowable cutting velocity). The proposed optimiza-
tion procedure centers on a concept called critical cutting
velocity – a limiting cutting velocity from the viewpoint
of the tool users. This means that the critical cutting ve-
locity depends on the needs of the users. If tool users use
a cutting velocity beyond the critical cutting velocity, then
some of the milling operations will not be carried out due
to some physical limitations (e.g., cutting power limita-
tion). An immediate question is; how can the critical cut-
ting velocity be determined? An answer to this question
is as follows.

Let Pc (kW) be the power consumed during a milling
operation due to material removal, only, and let Kc be the
specific cutting energy or pressure (MPa or N/mm2) of the
job material. The following expression holds:

Pc =
QKc

604 . . . . . . . . . . . . . . . (8)

In milling, the specific cutting force Kc decreases ex-
ponentially with the increase in the feed per revolution

fr [23, 24]. As a result, the following expression holds:

Kc = a ( fr)
b . . . . . . . . . . . . . . (9)

In Eq. (9), a and b are two coefficients that depend on
the job material [23, 24]. Rearranging Eqs. (7)–(9) yields
the following:

Pc =

(
a · e·ap ( fr)b

π ·604

)
Vc. . . . . . . . . . (10)

Let Pmax (kW) be the maximum power output of the
machine tool used for performing the milling operations
and η ∈ [0,1] be the fraction of Pmax that can be utilized
for removing materials, only. Therefore, the maximum
available cutting power for removing materials is equal to
ηPmax, and it must be greater than the power needed Pc.
Otherwise, the intended milling operation cannot be per-
formed. It is worth mentioning that most of the machine
tools nowadays exhibit a relationship between Pmax and
spindle rpm (N) [25]. As a result, the user often keeps the
spindle rpm within the stipulated range to ensure the rated
power output. In addition, it is not a good idea to change
the rpm drastically during a milling operation cycle from
the viewpoint of energy efficiency [26]. This means that
the limits of the cutting power and rated rpm constrain the
maximum allowable cutting velocity. Other cutting condi-
tions are also involved in this constraining process. Thus,
the underlying constraining process yields the following
inequality:

η ·Pmax > Pc =

(
a · e·ap · ( fr)

b

π ·604

)
Vc. . . . . (11)

If the expression in Eq. (11) is used, a parameter called
success state denoted as Si ∈ {0,1}, i = 1, . . . , n, can be
defined, as follows:

Si =

⎧⎪⎨
⎪⎩

1, η ·Pmax >

(
a · ei·api · ( fri)b

π ·604

)
Vci

0, otherwise
. (12)

In Eq. (12), ei, api, fri, and Vci, denote the cutting condi-
tions at the i-th cutting instance, i = 1, . . . , n, (n being to-
tal number of cutting instances). The maximum available
cutting power (ηPmax) remains the same for all instances,
and so do a and b, as a and b depend on the job material.
If Si = 1, then the power needed to remove materials from
the given job under the given cutting conditions (ei, api,
fri, and Vci) is less than the maximum available cutting
power, i.e., the cutting takes place, or the milling opera-
tion is successful. If Si = 0, then the power needed to re-
move material from the given job under the given cutting
conditions (ei, api, fri, and Vci) is greater than the max-
imum available cutting power, i.e., the cutting does not
take place or the milling operation is unsuccessful. There-
fore, Si = 1 is desirable and Si = 0 is undesirable. In order
to see how Si varies from one instance to another, some of
the cutting conditions can be varied randomly, and some
others can be kept constant. For this particular case (i.e.,
the strategy of high cutting velocity), Si, i = 1, . . . , n, can
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Table 1. A scenario for determining critical cutting velocity.

Parameter Scenario Range/Value
Pmax Job shop type spindle {2, 3, 4, 5} kW
Kc Job material = low

alloy steels
a = 1441.7,
b = −0.186

η − 0.4
e ae = D 1

ap Moderate ap [1,2] mm
fr For relatively high fr [0.1, 0.6] mm/rev
Vc User defined {10, . . . , 250} m/min

be determined using Monte Carlo simulation where the
cutting velocity is kept constant, i.e., Vci = Vc, and other
cutting conditions, ei, api, and fri, vary randomly, for all
i = 1, . . . , n. The simulated Si can be aggregated to deter-
mine the total rate of success denoted as S, as follows,

S = ∑n
i=1 Si

n
. . . . . . . . . . . . . . (13)

If S = 1, then the maximum available cutting power
is greater than the power needed for removing materials
from the given job under the fixed cutting velocity and
all other randomly generated cutting conditions. If S < 1,
then the maximum available cutting power is less than the
power needed for removing materials from the given job
under the fixed cutting velocity and some of the randomly
generated cutting conditions. If S = 0, then the maximum
available cutting power is less than the power needed for
removing materials from the given job under the fixed
cutting velocity and all other randomly generated cutting
conditions. Thus, the limit of cutting velocity correspond-
ing to S = 1 is the critical cutting velocity from the sense
that the cutting tool cannot remove materials beyond this
cutting velocity for some of the given cutting conditions.
As a result, a tool developer must develop a milling tool
that works well up to the critical cutting velocity. Here,
the phrase “works well” reflects the fact that the tool life
is long enough for the users to be satisfied using it. This
means that the critical cutting velocity manifests the needs
of the tool user (or a group of users) from the viewpoint
of cutting velocity. Thus, the maximum allowable cutting
velocity of the to-be-developed cutting tool must match
the critical cutting velocity of the tool user(s).

Let us apply the concept of S and determine the critical
cutting velocity for a typical job-shop-type manufactur-
ing environment where the maximum power output Pmax
of a machine tool lies in the range of 2 kW to 5 kW and
the rpm lies below 15000 rpm [27]. A typical setting of
the parameters associated with S for the job-shop type-
manufacturing environment is shown in Table 1. A Monte
Carlo simulation system [28] is developed to determine S
for this particular case. Fig. 6 shows a plot of S versus
cutting velocity for Vc = 10, 20, . . . , 250 m/min for four
different machine capacities, Pmax = 2, 3, 4, and 5 kW.
As seen in Fig. 6, the critical cutting velocities are equal
to 30, 50, 60, 80 m/min for Pmax = 2, 3, 4, and 5 kW,
respectively. For example, consider that for a tool user,

Vc [m/min]

S
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Pmax = 3 kW. The user uses the cutting conditions listed
in Table 1. For this particular user, if the cutting veloc-
ity is greater than 50 m/min (see Fig. 6), then there is no
guarantee that all milling operations can be carried out.
Therefore, if a tool developer finds a group of tool users
with the machine capacity of 3 kW and cutting conditions
listed in Table 1, then the developer should consider that
the group of tool users does not need a cutting tool that
performs well beyond the cutting velocity 50 m/min. This
also means that if a cutting tool is designed to work well
up to a specific cutting velocity, such as 100 m/min, then
the tool will remain underutilized for the cutting veloc-
ity range [50, 100] m/min. This is not desirable from the
viewpoint of the material efficiency of tool materials, as
described in the above.

The above descriptions lead to an optimization proce-
dure, as schematically illustrated in Fig. 7. As shown in
Fig. 7, if the maximum allowable cutting velocity of a tool
material is about the same as the critical cutting velocity
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of the user, then it is an optimal tool material. In this case,
a gain in the material efficiency can be achieved and the
unutilized cutting velocity can be avoided, as well. As a
result, the critical cutting velocity of the user restricts the
allowable cutting velocity of the tool material from the
viewpoint of sustainable manufacturing.

In synopsis, applying the strategy of high cutting ve-
locity while developing a milling tool comes down to the
following procedure – find the critical cutting velocity for
a user (or a group of users), and, then find or develop a
cutting tool material with a maximum allowable cutting
velocity that matches the critical cutting velocity.

4. Implementing the Strategy of High Feed per
Revolution

When a milling tool passes sharp corners (which often
happens while dies and molds are being produced), it is
subjected to highly unstable cutting forces, and, thereby,
unwanted vibrations. To understand this phenomenon, let
us take an example. Table 2 lists the cutting conditions of
an ordinary milling tool when it passes a sharp corner of
a workpiece made of Carbon Steel S50C (JIS). (To avoid
commerciality, the other specifications are not disclosed
here.)

The left side of Fig. 8 is a plot of the cutting force.
The highly unstable cutting force can be observed from
the plot marked by a rectangular box. This phenomenon
causes unwanted vibration and tool breakage. When a
tool vibrates or breaks, it immediately poses a threat to
the component, and to the material efficiency, as well. In
order to avoid tool vibration or breakage, it is customary
to reduce the feed per revolution fr when it passes over the
sharp corners, as schematically illustrated in Fig. 8 (the
right side illustration in Fig. 8). Therefore, it is difficult to
achieve the strategy of high feed per revolution using the
conventional milling tools. To overcome this challenge,
the tool developer must create new solutions, and solve
the problem of unstable cutting force.

It is therefore difficult to achieve the strategy of high
feed per revolution using conventional milling tools. To
overcome this challenge, the tool developer must create
new solutions. One of the ways to create new solutions is
to apply the Theory of Inventive Problem Solving known
as TRIZ [20, 29, 30]. TRIZ defines 39 common parame-
ters to solve a problem. In addition, it provides 40 prin-
ciples to deal with any contradictions among these 39 pa-
rameters. In this particular case, the tool developer wants
the milling tool to perform well in all situations, includ-
ing when it passes over sharp corners. This means that
the tool must adapt to different features of a job design.
As such, the parameter 35 of TRIZ, Adaptability ([20],
p. 137), is involved. The tool developer must improve
the adaptability of the milling tool by suggesting some
new solutions. On the other hand, the strategy here is to
develop a milling tool used for high feed per revolution.
As a result, parameter 9 of TRIZ, Speed ([20], p. 137),
is also involved here, as is Adaptability. The tool must

Table 2. Milling conditions.

Parameters Specifications
Job material Carbon Steel S50C (JIS)
Tool diameter (D) 10 mm
Cutting velocity (Vc) 157 m/min
Rotational speed (N) 5000 rpm
Table feed (Vf ) 3000 mm/min
Feed per cutting edge ( fz) 0.15 mm/cutting-edge-rev
Depth of cut (ap) 0.6 mm
Width of cut (ae) 3 mm
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Fig. 8. Consequences when a cutting tool passes a sharp corner.

not sacrifice its speed (i.e., it must maintain a high feed
per revolution) while passing over different segments of
a workpiece, including the sharp corners. Thus, a contra-
diction between the Adaptability and Speed exists in this
particular case. To address this contradiction, TRIZ pro-
vides three principles, namely, Parameter changes (princi-
ple 35), Preliminary action (principle 10), and Curvature
(principle 14) ([20], p. 138), as summarized in Table 3.
For this particular case, applying the Parameter changes
principle means changing the parameter of the milling
tool, e.g., changing the diameter of the tool, increasing
or decreasing the number of cutting edges, etc. In ad-
dition, applying the Preliminary action principle means
doing something beforehand to eliminate the main cause
of the problem. Moreover, applying the Curvature princi-
ple means reconsidering the curvature of the cutting tool.
Based on the above contemplation, the tool developer can
consider a new solution creation scenario, as illustrated in
Fig. 9.

As seen in Fig. 9, a solution is proposed that employs
an oval-shaped cutting tool instead of a circle-shaped one.
Since the oval-shaped cutting tool has a major diameter
and a minor diameter, its curvature changes continually
along its circumference. This helps reduce the possibil-
ity that the cutting edge may rub workpiece when it is not
removing materials. As a result, the milling tool may not
exhibit highly unstable cutting force while passing a sharp
corner. Thus, applying the principles of TRIZ, Curvature
principle, in particular, helps eliminate the main cause of
the problem. How is the performance of the oval-shaped
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Table 3. Applying TRIZ while developing a milling tool for
high feed per revolution.

Parameter not to be sacrificed:
Speed (Parameter 9)

Parameter to be Principle 35 Parameter changes
improved:

Adaptability Principle 10 Preliminary action
(Parameter 35)

Principle 4 Curvature

High tool vibration

Rubbing

Low fr

Low tool vibration

No rubbing

High fr

Circle-shaped cutting tool Oval-shaped cutting tool

TRIZ

Fig. 9. Applying TRIZ in developing a milling tool.

milling tool? In order to answer this question, a cutting
tool with a major diameter of 10 mm and a minor di-
ameter of 9.9 mm is developed. The other specifications
of the tool are not described here to avoid any commer-
ciality. Fig. 10 shows a plot of the cutting force when
the oval-shaped milling tool passes a sharp corner. The
other cutting conditions associated with the cutting force
shown in Fig. 10 are already listed in Table 2. The cut-
ting force this time (Fig. 10, marked by a rectangular box)
does not exhibit that instability that it often shows other-
wise (Fig. 8). Therefore, when the oval-shaped milling
tool passes a sharp corner at a relatively high feed per rev-
olution, it does not experience the unstable cutting forces,
i.e., it vibrates much less than does a circle-shaped tool.

5. Concluding Remarks

Sustainable manufacturing is still an evolving research
field. Though most of the micro-scale studies on sustain-
able manufacturing deal with energy efficiency, two other
efficiencies, namely, material and component efficiencies,
are equally important. In this respect, the role of a cutting
tool is also important.

In this study, milling tool development is considered
from the viewpoint of the abovementioned efficiencies.

In particular, to develop a milling tool, a commonly
used general strategy is to maximize the material removal
rate. This general strategy leads to three working strate-
gies: “maximize cutting velocity,” “maximize feed per
revolution,” and “maximize depth of cut.”

To implement each of these strategies, one needs to
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Fig. 10. Cutting force underlying an oval-shaped milling tool.

solve the underlying technical problems using a multi-
faceted approach. In particular, in the case of cutting
velocity, a Monte Carlo simulation-driven optimization
helps find solutions. On the other hand, in the case of feed
per revolution, an innovative problem-solving procedure,
e.g., TRIZ, helps find solutions.

In particular, the presented Monte Carlo simulation
driven optimization technique helps make a balance be-
tween the tool material-driven environmental burden and
user-defined maximum allowable cutting velocity. Using
TRIZ helps create novel solutions, e.g., an oval-shaped
milling tool, to eliminate the causes of unstable cutting
force or vibration when the tool passes over sharp corners
at a relatively high feed rate.

Similar approaches can be applied to develop cutting
tools for other material removal process, such as turning
and drilling, as well. This issue remains open for further
research.

Procedures for developing cutting tools from the view-
point of high depth of cut have not been considered in this
study. This issue also remains open for further research.
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