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ABSTRACT

ARTICLE INFO

In the present global competitive environment, manufacturing organizations
are being forced to constantly develop newer methods/technologies for pro-
ducing high quality products/components at the minimum possible cost to
satisfy the diverse and dynamic needs of customers. Selection of a proper cut-
ting tool within a process planning system is vital for the productive efficiency
and cost effectiveness of a manufacturing process. In this paper, a knowledge-
based system is developed in Visual BASIC 6.0 and subsequently implemented
for selection of an appropriate end mill for a given machining application
from a set of feasible alternatives. Although, there are some published re-
search papers on the applications of knowledge-based systems for selecting of
cutting tools, none of them has investigated its scope for choosing a suitable
end mill from a comprehensive list of options available on the market. The
developed system first narrows down the list of end mills based on some
predefined parameters as set by the process planner and then ranks the fea-
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sible end mills according to their suitability for the desired machining applica-
tion. While ranking the end mill alternatives, criteria weights are determined
using Shannon’s entropy method to avoid subjectivity in judgments. It also
guides the process planner in identifying the corresponding speed and feed
for different combinations of workpiece material and machining operation.

© 2016 PEI, University of Maribor. All rights reserved.

1. Introduction

The business dynamics of manufacturing sector is changing at a lightening pace with advance-
ment in technologies and innovation in product development. Therefore, manufacturing organi-
zations in order to stay relevant in this highly competitive global market have to look ways to
achieve manufacturing excellence through producing new cutting-edge products/components
more economically. A product/component can be manufactured using a diverse range of pro-
cesses, like material removal, casting, forging etc. It is observed that material removal through
machining operation is the most extensively used manufacturing technique among all the pro-
cesses because invariably every product undergoes through this operation at one point or the
other while utilizing different types of cutting tools [1]. Material removal is an expensive process
as it involves removal of substantial amount of material from the workpiece in the form of chips
with a view to generate the desired product shape. The expensive nature of material removal
can also be attributed due to the considerable amount of energy spent in this process. Besides,
effective monitoring of cutting tools facilitates superior efficiency of the machine tools [2, 3].
Therefore, appropriate cutting tool selection and its correct application are the key elements to
profitable machining, which are completely in line with the overall objective of achieving manu-
facturing excellence in an organization.
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There are several different kinds of cutting tools available in the market today, each serving
diverse purposes and applications. These cutting tools can be broadly classified into two groups,
i.e. single point and multi-point cutting tools. End mill is one of the most widely employed multi-
point cutting tools, which is indispensible in many industries, like aerospace, ship building and
automobile for machining varying complex-shaped components [4]. It is typically mounted ver-
tically on a machine tool and has two or more helical flutes/cutting edges. The main advantage
of an end mill is that unlike any other type of milling cutter, it is configured to cut with both its
tips and sides. End mill can operate effectively and efficiently only when it is capable to with-
stand the heat generated during the cutting process. In addition, the material from which the
end mill is manufactured must be harder as compared to the material being cut. End mill should
have a specific geometry according to the requirements of a considered machining application in
order to provide correct clearance angles so that only the cutting edge of the tool makes contact
with the workpiece material. It is also crucial to ensure that the end mill is able to machine the
complete work surface without any interference [5]. Therefore, the type of end mill and its relat-
ed geometry depend on the material being cut and complexity of the machining operation being
performed.

These are some important factors that the process planners need to consider while selecting
an end mill in order to ensure its optimal productive working life. Moreover, there is a wide
range of end mill varieties available in the market with respect to design styles and material
choices. As the number of influencing criteria and available alternatives increases, it becomes
quite hard and almost impossible for a human brain to examine the relation between those cri-
teria and alternatives while making a valid conclusive decision. Additionally, a suitable end mill
can drastically minimize the final roughness of a milled surface [6]. Thus, selection of an appro-
priate end mill for a specific machining application requires a thorough knowledge regarding its
applicability, capability and economy, and related effects of the considered evaluation criteria on
the machining operation. Besides selection of an inappropriate end mill may lead to infeasible
and inconsistent process plans. Incorrect process plans often need to be rejected in the shop
floor and the new ones generated on an impromptu basis result in overall cost escalation. So, an
adherent need for development of a knowledge-based system which can select an appropriate
end mill from a wide range of alternatives available from different manufacturers cannot be ig-
nored. Therefore, this paper proposes development and subsequent deployment of a knowledge-
based system for solving end mill selection problems for varying machining applications.

2. Literature review

Arezoo et al. [7] designed a knowledge-based system for identification of cutting tools and con-
ditions for turning operations. Carpenter and Maropoulos [8] proposed a methodology to choose
tools for a wide range of milling operations based on a comprehensive set of user-defined selec-
tion and optimization criteria. Sorby and Tonnessen [9] presented a methodology for optimiza-
tion of cutting data of high speed flank milling in order to find out its optimal cutting parameters.
Cus and Bali¢ [10] developed an algorithm to identify the optimal tool version and cutting condi-
tions from different tool manufacturers’ commercial databases. For a concurrent engineering
environment, Edalew et al. [11] developed a computer-based intelligent system for automatic
selection of cutting processes and tools. Wang et al. [12] proposed a new methodology employ-
ing genetic algorithms for selection of the optimal cutting conditions and cutting tools in multi-
pass turning operations based on a complete set of optimization criteria. Zhao et al. [13] com-
bined a commercial computer-aided design system and an expert system for selection of cutting
conditions and tools for turning operation. Byrne et al. [14] reviewed some of the main devel-
opments in the domain of cutting technology over the last 50 years in order to provide a
roadmap for its future development. Mursec and Cus [15] developed an integral model for selec-
tion of the optimal cutting conditions on the basis of various databases offered by the tool manu-
factures while taking into account some limitations of the cutting processes. Oral and Cakir [16]
determined the computer-aided optimal operation and tool sequences for use in generative pro-
cess planning system of rotational parts. Svinjarevi¢ et al. [17] discussed about the benefits of
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implementation of a cutting tool management system in an organization specializing in metal
cutting processes. Wang et al. [18] developed a performance-based machining optimization sys-
tem for predicting the optimal cutting conditions in turning operations. Arshad et al. [19] pre-
sented a cutting tool management system to help the end user in selecting the best cutting tool
and parameters for cutting operation. Ostojic et al. [20] designed a computer-aided system for
efficient selection of cutting tools for machining processes, including turning, drilling, milling
and grinding operations. Vukelic et al. [21] presented an integrated software solution for cutting
tool selection based on modular principle. Chougule et al. [22] developed an expert system ca-
pable of selecting appropriate carbide cutting tools for various turning operations.

It is thus observed from the past literature review that an extensive work on cutting tool se-
lection and optimization of various cutting parameters for different machining operations has
already been carried out. But, it is noteworthy to mention here that those research works are
mainly intended to identify the most suitable cutting tools with respect to a set of pre-determined
performance criteria, while ignoring the interrelationship between various technical, strategic
and economic attributes. Moreover, the published research papers in the area of milling cutter
selection are really scarce in number. None of the past researches has proposed a logical and
systematic procedure for solving end mill selection problems. Selection of the most appropriate
and also theoretically correct end mill is a complex task due to the presence of several evalua-
tion criteria which are often conflicting in nature. Therefore, in this paper, a knowledge-based
system is designed and developed in Visual BASIC 6.0 for solving end mill selection problems. It
is supported by an exhaustive database for end mills containing information on their various
technical specifications and controlled by a set of rules for specific machining applications. Its
applicability and potentiality is demonstrated by three real-time industrial examples.

3. Knowledge-based system for end mill selection

Quick and easy access to the pertinent information for decision-making on end mill selection for
a given machining application is of vital importance to attain competitive edge and manufactur-
ing excellence. This paper presents a knowledge-based system for selecting end mills in accord-
ance with the specific machining application requirements of the present day manufacturing
industries. The developed system generates a set of feasible end mill alternatives for the given
application from a comprehensive list of options available in the market, and subsequently pro-
vides their ranking preorder. It is often observed that the change in machining conditions and
generated shape features of the final component considerably affect the efficiency and produc-
tivity of an end mill. Hence, the process planner needs to have a clear understanding about the
selection problem. The process planner first provides the required information with respect to
tool material, type of use, workpiece material etc. Different evaluation criteria, like number of
flutes, cutting diameter, cutting length etc. are then shortlisted. Next, the required ranges of val-
ues for those recognized evaluation criteria are specified. This knowledge-based system is de-
signed to first discard those end mills which do not satisfy the identified machining application
requirements and gradually narrow down the list of feasible solutions at each step of the selec-
tion procedure. Finally, the set of feasible end mill alternatives is ranked with the identification
of the most suitable choice. The framework of the developed knowledge-based system for end
mill selection is exhibited in Fig. 1.

End mills available in the market can be broadly classified into various categories. Each cate-
gory may further be divided on the basis of its specific application and special geometry. The
initial step in the development process of this knowledge-based system comprises of creation of
the related database for various types of end mills available in the market. The pertinent infor-
mation for the end mills is accumulated from the brochures and catalogues of different manufac-
turers available online. Then, this collected information is stored into MS-Access option of Visual
BASIC 6.0 and an exhaustive database containing technical specifications of a wide variety of end
mills is thus documented. With the introduction of new end mills and inclusion of more added
features, like geometry of the tool and other related specifications, it can be updated from time
to time with the active participation of the knowledge-based system builder.
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Fig. 1 Framework for knowledge-based system for end mill selection

Once the database is created, the next step is to generate a set of feasible alternative end mills
based on various criteria as specified by the process planner according to requirements of a par-
ticular machining application. End mill removes material from the workpiece simply by means
of shear deformation. So, the material of end mill needs to be harder than that of the workpiece,
which is to be machined, and it must also be able to withstand the heat generated during the
material removal process. A wide range of materials is being utilized to manufacture end mills.
Therefore, tool material is an important consideration while selecting an end mill. Some of the
common tool materials used for manufacturing of end mills are listed as below:

a) Carbide: 1t has comparatively higher values for hardness, thermal conductivity and Young’s
modulus, which facilitate its usability as an efficient tool material. Tools made of carbide can
operate at much faster speed because of its extreme hardness. This allows the milling cutters
to withstand high cutting temperature and provides excellent wear resistance. Carbide also
offers better rigidity than high speed steel (HSS), which enables the end mill to perform the
machining operation with higher degree of dimensional accuracy and superior surface finish.

b) HSS: It accounts for the largest tonnage of tool materials currently being utilized. It provides
good wear resistance and is less expensive than cobalt or carbide end mills. It is used for gen-
eral purpose milling of both ferrous and non-ferrous materials. HSS tools are tough and suit-
able for interrupted cutting, and are employed to manufacture tools of complex shapes, such
as drills, reamers, taps, dies and gear cutters.

c) HSSCoM42: 1t comprises of molybdenum-series HSS alloy with additional 8 % cobalt content.
It provides better wear resistance, and higher hardness and toughness than HSS. There is
very less chipping or micro-chipping under severe cutting conditions allowing the tool to run
10 % faster than HSS. This results in achieving excellent material removal rate (MRR) with
better surface finish.

d) HSSCoPM: Powdered metal (PM) exploits the benefits of both, i.e. toughness of cobalt HSS,
and heat and wear resistance properties of micro-grain carbide tools. It is used in those ap-
plications, which require higher MRR and are vulnerable to vibrations, like roughing opera-
tion. It is a cost effective alternative to solid carbide.
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e) Ceramic: Many grades of ceramic are utilized for manufacturing of end mills. Ceramic grades
are characterized by good wear and abrasive resistance, non-conductivity and superior
thermal properties. Ceramic is recommended for machining cast irons and nickel-based sup-
eralloys at intermediate cutting speeds.

f) Diamond: Industrial diamond grades, such as polycrystalline diamonds (PCD) are normally
made by sintering many micro-size single diamond crystals at high temperature and pres-
sure. They have good fracture toughness and thermal stability. They are often used for special
applications, like very high-speed machining of aluminium-silicon alloys, composites and
other non-metallic materials.

End mills can also be grouped into three categories based on their usage, which are as follows:

a) General purpose: It also symbolizes multi-purpose end mills, which can be employed for a
wide range of applications and workpiece materials. They favour high productivity while
keeping the number of tool changes as minimum as possible. General purpose end mills are
quite economical, and at the same time, have high manufacturing flexibility.

b) Special purpose: They are employed for specific machining operations, such as thread cutting,
die-sinking, corner rounding etc.

c) High performance: As the name indicates, they are applied in highly specialized fields for
manufacturing components of aircraft, marine structures, turbines etc. where high precision
and close tolerances are required.

Manufacturing organizations produce an extremely large variety of products/components
which are machined from different workpiece materials. Each workpiece material has a unique
set of characteristics that are influenced by its alloying elements, heat treatment process, hard-
ness etc. These factors combine to strongly influence the choice regarding the cutting tool geom-
etry and grade. Therefore, the workpiece materials as considered for this knowledge-based sys-
tem are divided into the following seven major groups:

a) Steel: It refers to a broad category of alloys containing primarily iron with little amount of
carbon and other alloying elements. The machinability of steel is normally good, but can dif-
fer depending on material hardness, carbon content etc.

b) Stainless steel: It is a steel alloy with a minimum of 12 % chromium content by mass and has
non-magnetic properties. Stainless steel exhibits superior resistance to corrosion and is
available in different grades.

c) Cast iron: It is a group of iron-carbon alloy with a carbon content greater than 2 %. Grey cast
iron, malleable cast iron and ductile cast iron are quite easy to machine, whereas, white cast
iron, compacted cast iron and austempered cast iron are comparatively difficult to machine.

d) Non-ferrous material: Softer metals, like aluminum, copper, brass etc. belong to this category.
Machinability property of these materials usually fluctuates with their varying alloying ele-
ments.

e) Special alloy: It comprises of a large number of iron, nickel, cobalt and titanium-based alloy
materials. Special alloy is very similar to stainless steel but is much more difficult to cut,
which reduces the tool life of end mills.

f) Hardened steel: This group includes steels with hardness between 45-65 HRc (Rockwell
hardness). Hardened steel is difficult to machine and it generates excessive heat during cut-
ting operation.

g) Titanium/exotic metal: This refers to a category of different precious and exotic metals, such
as titanium, tungsten, platinum etc.
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A number of tip geometry options for end mills are also available for generating the desired
shape feature on a given workpiece material. Various kinds of tip geometry options for the end
mills are enlisted as below:

a) Square: Cutting tips are square or straight-ended with no radius, chamfer or other finish fea-
ture.

b) Ball: Cutter ends with a hemispherical ball whose radius is one half of the cutter diameter. It
is useful for machining semicircular groove or radii on a workpiece.

¢) Radius: Cutting tool comprises of radius on tips of straight flutes.

d) Chamfer: Cutter sides or ends contain an angled section on tip to produce an angled cut or a
chamfered edge on the workpiece.

The type of finish is also an important consideration while selecting end mills. There are broadly
two finish preferences that can be opted while employing end mills:

a) Roughing: Tool material, flutes and/or cutter geometry are designed for rapid and heavy ma-
terial removal. Roughing cutters are typically utilized to machine workpieces for initial cut-
ting stages, i.e. where cutting somewhat more than the desired dimension is not a problem.

b) Finishing: A minimal amount of material leftover after the roughing operation is removed
with a finish cut.

Coatings are applied on the end mills to enhance their wear resistance property and isolate
the area where heat is generated from the substrate of the tool. If coatings are not applied, heat
produced during the machining operation can potentially accumulate to negatively affect the
tool life. Most of these coatings are usually referred to by their chemical compositions, such as:

a) Aluminium Titanium Nitride (AITiN): It is ideal for high temperature cutting operation of a
diverse range of materials, such as titanium and nickel alloys, steel, stainless steel and cast
iron. AITiN is an extremely tough coating material capable of withstanding extreme machin-
ing conditions developed during heavy and interrupted cutting operations.

b) Aluminium Titanium Nitride + Silicon Nitride (nACo): This coating material is very well suited
for high performance milling applications. It has a great ability to resist at high temperature
up to 1200 °C before getting oxidized and worn out.

c) Physical vapor deposition (PVD) diamond: Thin diamond films are applied to cutters to in-
crease their service life and abrasive resistance. This coating is a standard choice among the
die and mold shops for machining graphite.

d) Titanium Carbonitride (TiCN): It has an exceptional high hardness and low coefficient of fric-
tion, which provide excellent wear resistance. TiCN’s high lubricity facilitates easy chip flow,
prevents formation of build-up edges, and reduces cutting forces and temperature.

e) Zirconium Nitride (ZrN): ZrN is typically used to coat end mills that are employed for machin-
ing non-ferrous materials, such as aluminum, brass, nickel alloys, plastics etc. It also provides
good abrasive resistance and lubricity properties.

An assortment of machining operations can be performed using end mills, which comprise of
a) side milling, b) slotting, c) profiling, d) radius cutting, e) slotting with radius, f) pocketing, g)
chamfering, h) drilling, i) thread cutting, and j) corner rounding.

The developed system narrows down the list of feasible end mill alternatives based on the
above-considered parameters with respect to the specified machining application requirements.
Then, the selection procedure moves to the next stage where various evaluation criteria with
respect to the dimensional specifications of the end mills are shortlisted, and subsequently, rang-
es of values for those identified criteria are provided. The following 12 important dimensional
specifications are considered in this system, which affect the final end mill selection decision.
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a) Number of flutes: It signifies the number of cutting edges in the end mill.

b) Cutting diameter (inch): It is the diameter of the full-tool which cuts the workpiece material.
c) Shank/arbor diameter (inch): It refers to the diameter of mounting shank or arbor.

d) Flute/cutting length (inch): It is the total length of a cutting edge.

e) Overall length (inch): It denotes the total tool length, including integral shank, if present.

f) Tolerance (inch): It represents the dimensional closeness to a given specification.

g) Width of cut (inch): It is the depth of cut in radial direction.

h) Cost (USD): It symbolizes the procurement cost of a single end mill

i) Radius/corner size (inch): It either signifies the dimension of radius of the end mill with radi-
us type tip geometry, or represents the angle of cutter of the end mill having tip geometry as
chamfer.

j) Taper (°): It measures the gradual reduction in the diameter of a cylinder towards one of its end.
k) Drill point (°): It is the angle formed at the tip of the end mill utilized for drilling holes.
1) Pitch (inch): It is the distance from the crest of one thread to that of the next thread.

These 12 above-mentioned dimensional specifications may be either beneficial or non-
beneficial in nature depending on the machining applications which ultimately affect the shape
feature generated on the end product. For example, the number of flutes can range from two to
eight. Fewer number of flutes offer efficient chip removal and high MRR, whereas, more number
of flutes provide a smoother finish. Beneficial attributes are always required in higher values,
whereas, non-beneficial attributes are preferred with smaller values.

Once the list of feasible alternatives is elicited after the ranges of values are entered, it is
again required to be critically analyzed and ranked with a view to recognize the most suitable
end mill. Evaluation and ranking of the feasible end mills with respect to the given dimensional
specifications needs formation of the related decision matrix. This decision matrix is developed
while extracting the pertinent information for the feasible end mills from the database integrat-
ed with the knowledge-based system.

Shannon’s entropy method [23] has a significant role in decision making under uncertain en-
vironment. It is a well-accepted technique to estimate criteria weights, particularly in those situ-
ations, where obtaining a suitable weight (importance) based on the preferences and decision
making experiments are impracticable. In other words, it is capable of measuring uncertainty in
the information formulated using probability theory. Moreover, it facilitates comparisons of dif-
ferent criteria through converting different scales and units into common measurable elements.
In this paper, the priority weight for each evaluation criterion is calculated using this method to
eliminate subjectivity in judgments. The performance scores of the feasible end mills are finally
calculated employing the following equation:

PS; = ij x (Normalized value); (i=1, 2,...m;j=1, 2,..., n) (1)

J=1

where wj is the weight for jth criterion, m is the number of feasible end mills, and n is the number
of the considered criteria. The normalized value showing the normalized performance of ith end
mill with respect to jt criterion is derived from the decision matrix of a given end mill selection
problem using linear normalization technique. The ranking of the feasible end mills is then de-
rived based on their descending performance scores, and subsequently, the most appropriate
end mill for the given machining application is identified along with its ideal parametric settings.
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4. lllustrative examples

The following three end mill selection problems are formulated and subsequently solved to
demonstrate the applicability and robustness of the developed knowledge-based system.

4.1 End mill for aerospace applications

In this selection problem, the most suitable end mill for aerospace applications that can perform
finishing operations needs to be identified from a wide range of available alternatives. The com-
ponents used in aerospace industries are generally thin-walled and complex shaped. They need
to be machined within close tolerances. Additionally, machining of aerospace components is
generally carried out at higher speed with increased MRR and relatively low cutting forces. Fur-
ther, it is observed that materials utilized for aerospace components should have higher
strength, hardness, elasticity, toughness, ductility and malleability, but lower brittleness.

The selection procedure starts with identification of the proper cutting tool material that sat-
isfies the machining requirements of aerospace components. It is observed after careful review
that end mills made of HSSCoPM enable in achieving comparatively higher MRR with less power
requirement while providing excellent cutting strength and wear resistance. So, ‘HSSCoPM’ is
opted as the cutting tool material in Fig. 2(a). Next, the process planner needs to provide the
type of use, which in this case, is ‘High performance’ as it is in sync with the complex machining
requirements of aerospace components. Special alloy, non-ferrous material and Ti/exotic metal
are selected as workpiece materials in the subsequent step because they satisfy the physical
requirements of materials employed in aerospace industry. The tip geometry for this application
is chosen as ‘Square’ due to its ability to remove material while maintaining excellent finish. ‘Fin-
ishing’ is opted as the type of cut according to the end mill requirement. Coating provides addi-
tional protection against corrosion and abrasion, increases hardness, and improves overall life of
the end mill. In this case, coating of AITiN is more effective than any other available option as it
facilitates exceptional oxidation resistance and works well in high demanding machining appli-
cations. Complex shape geometries often need to be generated on aerospace components, and
therefore, ‘Pocketing’, ‘Slotting’ and ‘Profiling’ are chosen as the required machining operations
among various options available in the knowledge-based system. ‘Tool dimensions’ functional
key, as exhibited in Fig. 2(b), is now pressed to derive a narrowed down list of end mill alterna-
tives satisfying all the above-mentioned requirements.

rWorkpiece material | - ————
I Steel H
I" Stainless steel I
I” Hardened steel L]
I” Cast iron I
W Special alloy B
V¥ Non-ferrous material B
0 . r
Selection of end mill rp———
~Cutting tool material — s ~Type of cut
) I" Chamfer
" Carbide ¢ HSS F Radius I Rotighing
" HSSCoM42 # HSSCoPM " Ball ¥ Finishing
" Ceramic " Diamond E
Coating
‘TYPE of use ¥ Aluminium Titanium Nitride (AITiN)
™ Aluminium Titanium Nitride + Silicon Nitride (nACo)
I” General purpose [ PVD Diamond
I Special purpose I~ Titanium Carbonitride (TiCN)
. ™ Zirconium Nitride (ZrN)
~
¥ High performance CiNGas I™ Slotting with radius I
Tool dimensions
() (b)

Fig. 2 Requirements of an end mill for aerospace applications
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In the next stage of this selection procedure, the narrowed down list of end mill alternatives
is further evaluated based on some important evaluation criteria, which are identified here as
shank/arbor diameter, flute/cutting length, overall length, tolerance and width of cut. All these
chosen evaluation criteria are beneficial in nature, except tolerance. The desired ranges of values
for these five criteria are then entered into the corresponding empty cells, which can be gener-
ated on pressing ‘Input range’ key. Some of the already feasible alternative end mils are discard-
ed at this stage based on their incapability to meet the specified tool dimensional requirements.
Finally, a set of 15 end mill alternatives satisfying all the preset machining application require-
ments is obtained after pressing ‘Feasible alternatives’ functional key. At this stage, the
knowledge-based system provides two options, i.e. either to select all the end mill alternatives
by pressing ‘Select all’ functional key or to choose the end mills individually from the already
generated final list. Here, all the end mill alternatives are selected for final evaluation. On press-
ing of ‘Compare’ functional key, the corresponding decision matrix is automatically generated
from the database, as shown in Fig. 3. The priority weights for the five evaluation criteria and the
performance score for each end mill are subsequently calculated at the backend of the devel-
oped system to rank all the candidate alternatives.

Here, ERFPM-1616 emerges out as the most suitable end mill for the given aerospace applica-
tions. Its technical details along with a real-time figure can be obtained after pressing ‘Tool de-
scription’ key in Fig. 4. The developed system also guides the process planner in deciding the
values of surface feet per minute (SFM) and chip load per tooth (CLP), which in turn represents
the optimal speed and feed respectively for the finally selected end mill. Although the details
regarding SFM and CLP are only the suggested starting points, they can be modified depending
on the machine condition, depth of cut, type of coolant etc.

rSelection criteria I
iput range
" Number of flutes i
[" Cutting diameter (in) Shank/ Arbor diameter (in) :
W Shank/Arbor diameter (in) Flute/ Cutting length (in) :
¥ Flute/Cutting length (in) Overall length (in) :
W Overall length (in) Tolerance (in) : rEnd mill description
¥ Tolerance (in) Width of cut (in) : Tool ERFPM-1616
R Width of cut (in) Tool material H5SCoPM No. of flutes 3
8 (1) Feasible alternatives| 15 Typeofuse High performance | | c.itting diameter (in) 0.5
r Workpiece material : S?ecxal alloy Shank/ Arbor diameter (in)| 0.5
= Non-ferrous material Flute/cutting length (in) 3.25
- Select all — - T/ Exotl.c metal Overall length (in) 125
- Compate Machining operation SIDF‘tmg Tolerance (in) 0.00175
Profiling S : 5 -
Width of cut (in) 0.3335
Pocketting Radius/corner size NA
e Type of cut Roughing P =
Alternatives c ‘ @ ‘ s ‘ ca ‘ cs ‘ Rank Finishin, Eo=EED) 22
— . = _ = inishing
ERFPM-AI212-L 0373 15 325 000185 025 6 Type of coating AITIN
ERFPM-1616 05 125 325 000175 | 03335 1 . .
ERFPM-1616-L 05 2 4 0.0018 03334 3 Tip geometry Square Recommendations:
ERFPM-1616-M 05 15 35 0.00175 03343 2 SFM = Su.rface feet per minute
ERFPM-2020 0.625 1625 575 000175 | 04167 3 ERFPM.1616 CLT = Chip load per tooth
ERFPM2020L 0625 25 1625 000175 | 041677 4
ERFPM2020M | 0625 2125 425 0.0018 0.4168 7 o WY g SEM CLT
ERFPM-2424 075 1625 3.875 0.002 05 0 . @ Profiling 425-875 0.0056
J C \. Slotting 425-875 0.0053
Fig. 3 Decision matrix for selection of end mill for Fig. 4 Most suitable end mill for aerospace applications

aerospace applications

4.2 End mill for general purpose milling operation

The aim of this selection problem is to choose the most appropriate end mill that can perform a
wide variety of machining operations required in a small-lot-production process. The selected
end mills should be versatile and flexible enough to meet the varying demands of small-lot-
production. Moreover, these types of machining operations need end mills to be rigid and pow-
erful in order to sustain cutting forces during the material removal process.
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The initial step in identifying the best end mill for this selection problem is to choose the cut-
ting tool material as ‘HSS’. The advantages of HSS over the other cutting tool materials are its
strength to withstand comparatively high cutting forces and relatively low cost. HSS also per-
forms well at intermittent cutting applications from the tool life point of view, which is an im-
portant consideration while selecting an end mill. Depending on the type of usage for the end
mill, ‘General purpose’ option is chosen from the opening window of the developed system, as
shown in Fig. 5(a). Next, ‘Steel’ and ‘Special alloy’ are identified as the workpiece materials ow-
ing to their widespread applications in manufacturing industry. The selected end mill should be
able to operate for prolonged duration, and hence, tip geometry for the end mill is chosen as
‘Chamfer’ which offers longer tool life. TiCN film is an excellent all-purpose coating material that
induces good repeatability and increases hardness of the end mill considerably. Thus, ‘Titanium
Carbonitride (TiCN)’ is accepted as the coating option for this selection problem. Additionally,
the end mills required for general purpose milling operation usually undergo heavy duty ma-
chining without any close dimensional tolerance for the end product. Therefore, ‘Roughing’ is
opted as the type of cut to be performed. The machining operations in manufacturing industry
usually comprise of production of flat vertical surface on the sides, and generation of key ways,
grooves and slots of varying shapes and sizes on the workpieces. So, ‘Side milling’ and ‘Slotting’
are chosen as the machining operations to be performed, as exhibited in Fig. 5(b). In order to
discard the unsuitable end mill alternatives and move into the next stage of the selection proce-
dure, ‘Tool dimensions’ functional key is now pressed.

In this stage, five evaluation criteria, i.e. number of flutes, cutting diameter, flute/cutting
length, overall length and cost are shortlisted based on which the feasible end mills are further
examined for their suitability to perform the intended machining operation. Here, cost and
number of flutes are non-beneficial criteria, which are always preferred with lower values. The
range of values for each evaluation criterion is then entered into the corresponding empty cells,
as exhibited in Fig. 6. A list of nine feasible end mill alternatives which satisfy the specified crite-
ria values appears on pressing of ‘Feasible alternatives’ functional key. Here, all the nine end mill
alternatives are evaluated. The most suitable end mill and the corresponding ranking preorder
are obtained while pressing ‘Compare’ functional key.

rWorkpiece material— - —
W Steel =
[” Stainless steel o
" Hardened steel =]
[ Castiron I
W Special alloy =
I” Non-ferrous material ]
™ Ti/Exotic metal =
=
Selection of end mill rTip geometry———
I~ Square
- Cutting tool material — e ~Type of cut
" Carbide ~ HSS I~ Radius ¥ Roughing
 HSSCoM42  HSSCoPM el [ Finishing
" Ceramic " Diamond Coating
" Aluminium Titanium Nitride (AITiN)
Tl T [ Aluminfum Titansam Nitride + Silicon Nitride (nACa)
¥ General purpose ™ PVD Diamond

¥ Titanium Carbonitride (TiCN)
[~ Zirconium Nitride (ZrN)
[ None I~ Slotting with radius [

. Tool dimensions |

[~ Special purpose
[" High performance

(@) (b)

Fig. 5 End mill selection for general purpose milling operation
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Fig. 6 Decision matrix for selection of end mill for
general purpose milling

Fig. 7 Selected end mill for general purpose
milling operation

It is noticed that CR2020-L is the most suited end mill for performing general purpose milling
operations on workpiece materials, like steel and special alloy. The complete details of CR2020-L
along with its real-time photograph, and suggestions regarding the corresponding SFM and CLP
values are displayed in Fig. 7.

4.3 End mill for corner rounding operation

This example illustrates selection of an end mill which is designed for quick and effective round-
ing off operation of corners of finished components made of steel and cast iron. The first step in
solving this problem is to select the proper cutting tool material. The tools made of carbide are
more resistant to abrasive wear, thus protecting them from edge wear caused due to high abra-
siveness of cast iron. They also resist cratering and heat deformation that may be caused by long
chips of steel at higher cutting speeds. So, ‘Carbide’ is selected as cutting tool material, as shown
in Fig. 8(a), entrusting on the above-mentioned characteristics of carbide tools. Corner rounding
is a special category of machining operation performed for high volume production. Therefore,
in accordance with the machining application requirements of the said selection problem, ‘Spe-
cial purpose’ is chosen as the type of use. Consequently, ‘Type of end mill’ module is automatical-
ly enabled in the developed system with the selection of ‘Special purpose’ as type of use. Here,
‘Corner rounding end mill’ is identified as the type of end mill, as exhibited in Fig. 8(b). In this
selection process, owing to the fact that the considered end mill variant does not possess specific
type of end geometry, ‘Tip geometry’ option is disabled. Rounding of corner is considered as a
finishing operation. Therefore, ‘Finish’ option is opted as the type of cut to be performed. Coating
of AITiN helps in protecting carbide tools from the detrimental effects of heat. It is acknowledged
to be ideal for high speed and hard milling, especially in dry cutting operation. Keeping these
properties in mind, AITiN is chosen as the coating material for carbide tool. Corner rounding is
the machining operation to be performed. Therefore, all the other machining operations are dis-
abled except ‘Corner rounding’, as shown in Fig. 8(b). The end mill alternatives suitable for this
machining application are then shortlisted after pressing ‘Tool dimensions’ key.
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Fig. 8 End mill selection for corner rounding operation

In this phase of the selection procedure, the extracted end mill alternatives from the first
stage are further evaluated with respect to five more criteria, i.e. number of flutes, minor diame-
ter, shank/arbor diameter, radius/corner size and cost. The range of values for each criterion is
entered into the respective cells generated on pressing ‘Input range’ functional key. Once, all the
necessary values are entered, this knowledge-based system elicits a list of 23 candidate end mill
alternatives capable of performing the task of corner rounding operation on steel and cast iron
after pressing of ‘Feasible alternatives’ functional key. Here, a list of 12 end mill alternatives is
selected for final evaluation. Pressing of ‘Compare’ functional key develops the corresponding
decision matrix and calculates the performance score for each alternative to identify the best
end mill choice. The ranks of the considered end mill alternatives are displayed in Fig. 9.

Fig. 10 shows the complete description of RCMG-3208, which is identified as the most suita-
ble end mill based on the criteria as set for carrying out corner rounding operation on steel and
cast iron. The developed system also assists the process planner in determining the related SFM
and CLT values for the considered workpiece materials.
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Fig. 9 Decision matrix for selection of end mill for Fig. 10 Selected end mill for corner rounding operation

corner rounding operation
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5. Conclusion

Technological advancements play a critical role in radical growth of the manufacturing sector.
There are numerous options for end mills available with respect to their use, coating, workpiece
material application etc. So, it becomes quite difficult to see and judge those alternatives one
dimensionally. Moreover, this list of alternatives is growing gradually with the arrival of new
commercial end mills in the market. Therefore, in this paper, a knowledge-based system is de-
signed in Visual BASIC 6.0 which extracts the end mill alternatives from the database and com-
pares them to identify the most appropriate end mill for a given machining application. The real
time implementation of this system on a job floor considerably reduces the time required by the
conventional selection procedure and minimizes human error, thus helping in better manage-
ment of end mills through establishing an effective and productive work culture in the organiza-
tion. Its utility and solution accuracy are also validated on a real time shop floor satisfying needs
of the industrial experts. The database can be periodically upgraded with the changing business
environment, thus supporting continuous improvement of the manufacturing enterprise. It en-
sures that quality of the highest standard is maintained throughout the production process
while providing optimal ranges of values for speed and feed combination of the finally selected
end mill. This system is flexible enough as it encompasses a wide range of end mill alternatives
from different manufacturers into the database. Implementation of this system also results in
cost minimization through reduction in manpower requirement, increased personnel efficiency
and effective utilization of information. Although, it is designed and developed for an end mill
selection process, it can also be employed for selection of other cutting tools, like drill bits,
reamers etc. while creating a different module within the same system.
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