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Abstract The purpose of this paper is to provide a reasonable
means to approach tool shape optimization of ball end mill for
high-speed milling operation. The paper presents a new develop-
ment of an integrated system for ball end mill design, creation
and evaluation that is more flexible and more systematic than the
commercially available tool fabrication systems.

The study consists of three major contents: (1) 3D-CAD/
CAM system development for ball end mill design and cre-
ation, (2) fundamental investigations of cutting characteristics
with different ball end mills, and (3) improvement of tool life
and machining stabilization for high-speed milling by means of
new tool shape proposals. These are explained in the follow-
ing sections, respectively. Through the above developments and
investigations, it is evidently found that the developed system
shows great validity and possibility to realize tool shape opti-
mization of the ball end mill.

Keywords Ball end mill · Cutting characteristics · High-speed
milling · 3D-CAD/CAM system · Tool shape optimization

1 Introduction

In recent years, cutting operations have been taking on a big-
ger part in die and mold machining [1, 2], along with the rapid
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improvement of machine tools [3–6], cutting tools and high-
speed milling technologies [7–10]. It appears that the demand
to manufacture dies efficiently has increased. Ball end mills are
regarded as the most suitable and widely used tools for use in
die and mold cutting operations since they can be easily adapted
to various workpieces that have complicated shapes, as well as
be used for multiaxis control machining with collision-free tool
path [11–13].

The development of cutting tools suitable for die machining
is a major issue in the manufacturing field. From a viewpoint of
tool manufacturing, cutting tool developments are strongly re-
lated to those of tool material, tool shape and coating treatment.
Of major concern is how to find the most appropriate conditions
among these three matters in order to achieve an optimal cutting
operation.

Tool shape development depends on different tool types. This
study deals with the ball nose part of a ball end mill, which has
complex and problematic cutting edges. There are two essential
requirements to efficiently conduct tool shape development:

1. Optimizaiton of tool fabrication process, and
2. Optimization of tool shape evaluation process in association

with the tool fabrication process.

A flexible tool design and fabrication system is required with
regard to item (1) above. A tool grinding CAM system sup-
ported by a 3D-CAD system can be one solution. With regard to
item (2), it is necessary to establish the evaluation method with
a feedback functional loop between the tool shape design and its
investigation as soon as possible. Together with evaluations by
conducting actual cutting experiments, geometric cutting simu-
lations and analyses on the basis of a 3D-CAD system are also
invaluable.

Based on the above two requirements, the capability of cur-
rent commercially available tool grinding systems was investi-
gated. 2D design systems of tools are broadly used in the indus-
try today because of ease of application with all kinds of tool
design and fabrication except for ball end mills. Since a ball end
mill has intricate 3D helical cutting edge curve, rake face and
flank face, it is hard to represent the entire shapes exactly by



629

using a 2D design system only. In some cases, it is necessary for
operators to manually correct various data when grinding a ball
end mill. Accordingly, it may be said that currently available tool
grinding systems are unable to handle well ball end mill shapes
in terms of achieving tool shape optimization. Also, under these
less than accurate grinding circumstances, one can understand
the difficulty in manufacturing ball end mills, and that commer-
cially available ball end mills hardly have any variance in their
cutting edge shapes. While it seems that cutting experiments are
the only means to rightly evaluate the tool cutting performance,
the relationship between experimental results and tool shapes is
not easily clarified. The left hand chart of Fig. 1 shows the flow
of tool manufacturing with commercially available systems.

To break through the current less than ideal state of ball
end mill fabrication, the study developed a ball end mill design
and fabrication along with a corresponding evaluation system
based on a 3D-CAD system. A ball end mill grinding CAM
system used upon a 3D-CAD system can easily provide all the
geometric information for ball end mill shapes and solve the
omission problems encountered when using a 2D design sys-
tem, i.e., the employment of a 3D-CAD system prevents the
loss of tool shape information and enhances the variety of tool
shape design and fabrication. Furthermore, the system allows us
to evaluate the tool cutting performance by cutting experiments
since the system can manufacture the same ball end mills as the
geometrically defined ones. From a wider viewpoint, this system
has a very real possibility of being readily applicable to evalua-
tion systems containing cutting simulations, by using the same
tool geometric models. More reasonable manufacturing devel-
opment processes, like this, will lead to higher levels of tool
shape development. The right hand chart of Fig. 1 shows an in-
tegrated system for ball end mill design, creation and evaluation
explained in the study for tool shape optimization. Throughout
this paper, the words “tool” and “ball end mill” are used with the
same meaning.

Fig. 1. Comparison between a commercially available ball end mill grinding system and an integrated system for ball end mill design, creation and evaluation

2 Development of a ball end mill creation CAM
system with 3D-CAD support

2.1 Outline of ball end mill design and fabrication
3D-CAD/CAM system

Figure 2 shows the flow of the ball end mill design and fabrica-
tion 3D-CAD/CAM system developed. In the study, a 3D-CAD
modeller called DESIGNBASE (RICOH Co., Ltd.) and its kernel
libraries are used to develop ball end mill grinding CAM soft-
ware with C programming language. The CAM software consists
of two processors: a main processor and a post processor. The
main processor is developed to define the tool shapes of ball end
mills, calculate the wheel posture for each defined tool shape,
and generate the grinding location (GL) data of wheels in the
3D-CAD coordinate system. NC data can be obtained by post
processing [14, 15], based on the information of wheel postures
in GL data. Additionally, it is possible to arrange for a grinding
operation check and a collision check, as well as a tool shape for-
mation check on the 3D-CAD by displaying the GL data. These
CAM functions and visualization activities provide higher flexi-
bility and efficiency in regards to tool design and fabrication
compared to commercially available tool grinding systems.

2.2 General information on tool shape design
of the ball end mill

One cutting edge of the ball end mill is considered to consist of
a ball end cutting edge and a peripheral cutting edge. The study
focuses on the very intricate ball end cutting edge, having am-
biguous definitions of shapes.

As shown in Fig. 3, a ball end cutting edge consists of a cut-
ting edge curve, a rake face and a flank face. In addition, there
are three parameters of a helix angle, a rake angle and a clear-
ance angle that coincide with the above three edge shapes, re-
spectively. As the cutting edge curve, i.e., the boundary curve
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Fig. 2. Outline of a de-
veloped ball end mill de-
sign and fabrication 3D-
CAD/CAM system

Fig. 3. General information about the
tool shape design of a ball end mill

between the rake face and the flank face, varies together with
the change in the helix angle, it makes tool design and fabrica-
tion difficult to handle. Along with it, the movement of grinding
wheels is complex, and multiaxis control is required in some
cases. Again, it seems that many difficulties must be overcome
in designing perfect geometric tool shapes of ball end mills, and
controlling the grinding wheel movements when the 2D tool de-
sign and fabrication systems are used.

In this study, a 3D-CAD system is adopted to provide the
support for development of the CAM system. As shown in Fig. 3,
a CAD coordinate system O − XYZ , matching tool axis OO′ of
the ball end mill with axis Z , is placed. In addition to the CAD
coordinate system O − XYZ , a local coordinate system p− NTO
at optional point p on the cutting edge curve is available, too. In
system p− NTO, normal vector N represents the direction point-
ing from tool center point O′ to point p. Tangent vector T shows

the tangential direction to the cutting edge curve at point p, and
vector O is the outer product of N×T. These three vectors are
regarded as unit vectors throughout the paper.

2.3 Cutting edge curve creation

A helix angle is generally used as the parameter to describe the
variation of a helical edge curve. A cutting edge curve model of
a cylindrical end mill is shown on the left hand side of Fig. 4.
Helical direction means the tangent direction to the cutting edge
curve at optional point ps . Angle λs between tangent vector T
and tool axis vector T′ is regarded as the helix angle at ps . That
is, in terms of optional point ps , tangent vector T′ to the straight
cutting edge curve mn (helix angle = 0 degrees) and tangent vec-
tor T to the helical cutting edge curve ab create helix angle λs of
a cylindrical end mill. In this case, normal vector N crosses both
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Fig. 4. Determination of helix angle
λb to a ball end cutting edge curve

of the two tangent vectors T and T′ at a right angle. In general,
the cutting edge curve of a cylindrical end mill can be designed
and created using the constant value of a helix angle.

With the definition of a helix angle for a cylindrical end mill
in mind, the determination of helix angle λb of a ball end mill
is shown on the right hand side of Fig. 4. Helix angle λb of the
ball end mill at optional point pb refers to the angle consisting
of tangent vector T′ to the straight cutting edge curve On (he-
lix angle = 0 degrees) and tangent vector T to the helical cutting
edge curve Ob. In this case, normal vector N, pointing from O′
to pb, crosses both of the two tangent vectors T and T′ at a right
angle. The cutting edge curve function depends on the continu-
ous changes in helix angle λb, which varies at different locations
of the cutting edge. However, there are two boundary conditions
that need to be satisfied for determining the cutting edge curve:
(1) the helix angle starting at point O must be 0 degrees, and
(2) the helix angle ending at point b must be the given value.
The curved edge shape between the two locations is arbitrarily
definable according to a designer’s purpose.

Figure 5 displays an explanation of the ball end cutting edge
curve function proposed in this study. A cylinder and a half
sphere with the same radius represent a cylindrical end mill
model and a ball end mill model, respectively. From the view
of first section in Fig. 5, the helical edge curve ac, lying on the
cylinder surface, is a straight line in substance. The angle � cad
corresponds to helix angle λs of the cylindrical end mill. It is as-
sumed that a perpendicular line ps Oz comes from optional point
ps on the cylindrical end mill edge curve ac towards tool axis
OO′, intersecting with the surface of the ball end mill model at
point pb. Generalizing this concept, a new curve Oc can be gen-
erated by connecting all of the intersecting points lying on the
half sphere surface. Helical curve Oc is defined in this study as
the cutting edge curve of the ball end mill model.

As shown in the second and third section of Fig. 5, parameter
ξ , the rotational angle in arc Od, is adopted to derive the func-
tion of the cutting edge curve Oc of the ball end mill. According

to the geometric information from the cutting edge curve ac of
the cylindrical end mill, the rotational angle ϕ in plane XY can
be calculated and applied to determine the cutting edge location
of the ball end mill. The cutting edge curve function of a ball end
mill defined in the study is shown in Eq. 1 below:

pb =

X(ξ)

Y(ξ)

Z(ξ)


 =


−R sin(k(1− cos ξ)) sin ξ

−R cos(k(1− cos ξ)) sin ξ

−R(1− cos ξ)


 , (1)

where k = tan λs, 0 ≤ ξ ≤ π/2.
Differentiating Eq. 1, the tangent vector to ball end cutting

edge curve at optional point pb is available. Additionally, helix
angle λb at the point can be obtained as shown in Eq. 2:

λb =




λb = +| cos−1
(

1√
k2 sin4 ξ+1

)
| (0 ≤ λs < π)

λb = −| cos−1
(

1√
k2 sin4 ξ+1

)
| (−π/2 < λs < 0)

.

(2)

According to Eq. 2, Fig. 6 describes the variations of helix angle
λb with different λs (30◦, 10◦,−10◦,−30◦). The figure indicates
that the original definition of a ball end cutting edge satisfies the
boundary conditions noted above.

For the sake of convenience, this paper uses the value of he-
lix angle λb at the end point of cutting edge curve, which is equal
to λs , to identify and name the ball end cutting edge curve. For
example, a ball end mill with a helix angle of 30 degrees means
that it has a helical cutting edge curve with a helix angle λb var-
ing from 0 to 30 degrees. Based on the above definitions, Fig. 7
shows a defined ball end cutting edge curve with a helix angle of
30 degrees displayed on a 3D-CAD.

2.4 Rake face and flank face creation

This section deals with the rake face and flank face creation of
a ball end mill determined by rake angle γ and clearance angle
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Fig. 5. Cutting edge curve determination
of a ball end mill

Fig. 6. Calculated helix angles λb of ball end mills

α as shown in Fig. 8a. In terms of optional point p on the cutting
edge, normal vector N, tangent vector T and outer product O are
available. An enlarged view of the cutting edge shape ABCD and
a local section abcd consisting of vector N and O, are shown in
Figs. 8b and 8c, respectively.

In Fig. 8c, it is very obvious that vector Nr , showing the local
rake face direction at point p, can be obtained by rotating vector
N′, the inverse normal vector N, in a clockwise direction by exact

γ degrees around vector T. In the same way, vector O f , showing
the local flank face direction, can be obtained by rotating vector
O′, inverse outer product O, in a counterclockwise direction by
exact α degrees around vector T, too. The study defines angle γ

for the rake angle and angle α for the clearance angle of the ball
end mill at optional point p on the cutting edge curve. Accord-
ing to these definitions, it is possible to design and fabricate a ball
end mill using constant rake angle and clearance angle values. In
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Fig. 7. Displayed cutting edge curve of a ball end mill
on a 3D-CAD

Fig. 8. Determinations of rake angle γ and clearance angle α of a ball end mill

practical steps, rake angle γ and clearance angle α are the given
parameters set by the designers and then those are applied to the
determination of spatial locations of the rake face and the flank
face by the 3D-CAD/CAM system.

Fig. 9. Displayed rake face of a ball end mill on a 3D-
CAD

Figure 9 shows a defined rake face of a ball end mill dis-
played on a 3D-CAD. In addition to the tool shape visualization
on a 3D-CAD, the developed CAM system calculates and out-
puts the wheel grinding location (GL) data for rake face fabri-
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cation. The left hand chart of Fig. 10 explains the GL data gen-
eration method by using the cutting edge definitions and wheel
shape information such as wheel type, width and radius. The
right hand chart of Fig. 10 shows an example of visualized rake
face GL data with a straight wheel. It should be noted that these
two pieces of information, wheel center point C and wheel axis

Fig. 10. Explanation of GL data generation with developed CAM system and visualization of generated rake face GL data on a 3D-CAD

Fig. 11. Displayed flank face and
shoulder of a ball end mill on a
3D-CAD

vector A, together determine the wheel postures in 3D space.
Through the same algorithm, flank face design and GL data gen-
eration are carried out by the definition of clearance angle. As
a final creation, the part of a shoulder is designed and formed for
a collision-free cutting operation. The completed images of a ball
end mill are shown in Fig. 11.
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By means of the developed CAM system, tool shape defin-
ition, design and visualization are integrated on the 3D-CAD
system. Furthermore, by representing the generated GL data,
a collision check and data modification can be performed easily
and efficiently before ball end mill fabrication.

The generated GL data by the main processor is converted
into NC data by a post processor. The converted NC data is ap-
plied for ball end mill fabrication on a tool grinding machine.

2.5 Ball end mill trial grinding

A ball end mill trial grinding test was performed by the de-
veloped 3D-CAD/CAM system. A ball end mill, with he-
lix angle λb(30◦), rake angle γ (10◦), clearance angle α(10◦)
with a diameter of 6 mm was designed and fabricated. Fine-
grained cemented carbide was applied to the tool material

Fig. 12. View of a tool grinding machine
and grinding conditions

Fig. 13. Comparison be-
tween designed and fabri-
cated ball end mill

and two types of wheels (straight and cup) were used for
grinding. Figure 12 shows the structure of the tool grind-
ing machine and conditions for ball end mill fabrication. The
grinding test was conducted, and the designed ball end mill
was successfully fabricated. The machining time was about
40 minutes. Figure 13 shows the designed ball end mill dis-
played on a 3D-CAD and the practically fabricated one. With-
out a doubt, the ball end mill was precisely fabricated as it
was designed.

Figure 14 shows a result of tool radius accuracy measure-
ment. The maximum error against the setting value was about
10 µm, i.e., the fabricated ball end mill is well within application
range for a common machining.

According to the above investigations, it is evident that the
ball end mill design and creation 3D-CAD/CAM system de-
veloped in the study is effectively applicable.
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Fig. 14. Radius accuracy measure-
ment of fabricated ball end mill

3 Fundamental investigations of cutting
characteristics with different ball end mills

3.1 General information for tool shape models of ball end mills

In this section, several new types of ball end mills with differ-
ent helix angle and rake angle are proposed and fabricated by the
developed 3D-CAD/CAM system above. Figure 15 shows three
types of available ball end mill models. From top to bottom, it is
laid out with three shape models imaged, and displayed on a 3D-
CAD, the top views of each model show the helix angles as well
as the side views for the rake angles. For the sake of convenience,
the study identifies and names each ball end mill model by its
helix angle and rake angle. As shown in the top and side views
of Fig. 15, the letter “P” (positive) is given to the helix angles
and rake angles to express a positive degree, while the letter “N”
(negative) is used to represent a negative degree. Additionally,
symbol “/” is placed between the helix angle and rake angle to
represent a ball end mill. For example, a ball end mill with a helix
angle λ(+30◦) and a rake angle γ(−10◦) can be named P30/N10.
Utilizing these notations, the three basic ball end mill models are
called N/N, P/N and P/P, respectively.

3.2 Creation of ball end mills with different tool shapes

Table 1 shows 14 different ball end mills designed and fabri-
cated, with four helix angles (45◦, 30◦, 10◦,−10◦) combined
with five rake angles (30◦, 20◦, 10◦, 0◦,−10◦). Fine-grained ce-
mented carbide was applied to the tool material and the tool
diameter was 6 mm.

The commercially available tool grinding machine shown in
Fig. 12, with three translational axes (X,Y,Z) and two rotational
axes (A,W), was used for ball end mill manufacturing. Two types
of wheel, a straight wheel (SDC400N150B, for rake face and
shoulder grinding) and a cup wheel (SDC600N150B, for flank
face grinding), were adopted. Fourteen types of ball end mills were
fabricated successfully by use of the developed CAM system.

Fig. 15. Three basic ball end mill models for investigation

Table 1. Fabricated ball end mills for cutting experiments

Rake (γ ) 30 20 10 0 −10
Helix (λ)

45 P45/P30 P45/P20 P45/P10 P45/P0 P45/N10
30 P30/P30 P30/P20 P30/P10 P30/P0 P30/N10
10 — — P10/P10 P10/P0 P10/N10

−10 — — — — N10/N10
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3.3 High-speed milling experiments and evaluations

High-speed milling experiments were done using the 14 types
of fabricated ball end mills on a commercially available ma-
chine tool. The machine tool and cutting conditions are shown
in Fig. 16. In order to investigate the tool cutting performance,
the maximum flank wear width (VBmax) and the workpiece
surface roughness (Ry) were measured after each 32m cut-
ting. Each type of ball end mill was tested three times and
the averaged results were used in the evaluation. This study
defines tool life as the total cutting length when the max-
imum flank wear width (VBmax) reaches 0.2 mm. Through
the cutting conditions, the theoretical surface roughness was
about 3.75 µm. To set up common criteria, commercially avail-
able ball end mills with the same tool material and tool ra-
dius were adopted to compare with the originally fabricated
tools.

Figure 17 shows all the total experiment results with orig-
inally fabricated tools classified by helix angles, together with
commercially available tools. The horizontal axis shows the cut-
ting length, and the left hand and right hand vertical axes show
flank wear (VBmax) and surface roughness (Ry), respectively.
The study evaluates these cutting results from the following three
viewpoints.

1. Cutting edge shape deformation:
It is noted that the machining accuracy can be greatly influ-
enced by the cutting edge shapes that have been damaged
by such means as chipping or breakage. For the same cut-
ting length, a tool with less cutting edge shape deformation
is desirable.

2. Tool wear:
Under the same cutting conditions and for the same cutting
length, less flank wear means longer tool life. The study dis-
tinguishes less tool wear with higher cutting performance.

Fig. 16. View of a machining center and cutting conditions

3. Workpiece surface integrity:
Surface roughness is evaluated on the formed workpiece sur-
face. The study takes into consideration both the measured
roughness value and the differences of roughness value dur-
ing machining.

3.4 Evaluation of cutting edge shape deformation

Figure 18 shows the worn cutting edge shapes with different ball
end mills when each maximum flank wear width (VBmax) has
reached 0.2 mm. The left hand side of each picture shows the top
of cutting edge, and the right hand side shows the end. According
to these results, it is very clear that the peripheral cutting edges
represent bigger deformations when the rake angle γ varies from
negative to positive (e.g., λ = 45◦). It can be said that the cut-
ting edge strength decreases as the wedge angle becomes smaller
with the rake angle γ varying from negative to positive. Thus,
the cutting edge strength dose needs to be taken into consid-
eration under high-speed cutting conditions in order to prevent
edge shape deformation. With a dual goal of maintaining cutting
edge shape accuracy and machining accuracy, using a ball end
mill with a large wedge angle, which always has a negative rake
angle, is desirable for high-speed milling.

3.5 Evaluation of tool wear

Figure 19 shows the relationship between the tool life and
rake angle as classified by different helix angles. Although ball
end mills with negative rake angles show lesser cutting edge
shape deformations, this does not necessarily mean that they
have longer tool lives in each helix series (e.g., P30/N10 and
P45/N10). In this case, it can be predicted that the increased cut-
ting resistance, caused by a large wedge angle of cutting edge,
reduced tool life.

In addition, Fig. 19 shows the influences on tool lives that
have different helix angles. One can see that ball end mills with
bigger positive helix angles (e.g., λ = 45◦) have shorter tool lives
and there is less of a difference of tool lives with rake angles. It is
predicted that as the real cutting edge length for cutting becomes
longer along with the helix angle varying to a bigger positive
value, the cutting heat may be a serious factor influencing tool
life (e.g., λ = 45◦).

Figure 19 indicates that tool lives are influenced by both helix
angles and rake angles, which complicate the cutting mechan-
ism and cutting aspect, such as cutting resistance, cutting heat,
etc., during machining. Addressing only flank wear, N10/N10
shows the longest tool life. However, the integrity of the formed
workpiece surface must be taken into consideration to determine
a perfect tool.

3.6 Evaluation of formed workpiece surface integrity

From Fig. 19, four originally fabricated ball end mills with the
longest tool lives in each helix series together with their sur-
face roughness results, and the results of a commercially avail-
able tool are shown in Fig. 20. The tool life curve and surface
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Fig. 17. Flank wear and surface
roughness of different ball end mills
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Fig. 18. Worn cutting edge shapes of different
ball end mills

Fig. 19. Tool life curves of different ball end mills

Fig. 20. Tool lives and surface roughness with different ball end mills

roughness curve are identified with a solid line and interrupted
line, respectively. Vertical bars are used to represent the surface
roughness differences during machining. The tool life can be
seen as becoming longer when both the helix angles and rake
angles turn negative (from the right hand side to the left hand
side). However, the surface roughness with N10/N10 deteriorates

Fig. 21. Different patterns of flank wear with different tool shapes

immediately. It can be considered that the parameter of the he-
lix angle influences the surface roughness in comparison with
P10/N10, which shows stable surface roughness.

Figure 21 shows the cutting edge shapes of N10/N10 and
P10/N10 after cutting. It is clear that the wear patterns are quite
different close to the top portion of each cutting edge. It can be
predicted that the breakage, occurring at the top edge portion of
N10/N10, gravely damaged the surface integrity. Breakage was
not found in other types of ball end mills with positive helix an-
gles. Accordingly, to achieve stable surface integrity, it seems
that it is necessary to set the helix angle to a positive degree. Oth-
erwise, there is a risk of cutting edge breakage, which may be
regarded as occurring due to bad chip removal direction.

By means of investigating the tool shape deformation, tool
life and surface integrity, together with the influences on cut-
ting resistance, cutting heat and chip removal direction, one can
see that P10/N10 shows the best cutting performance among
all fabricated ball end mills and commercially available ones in
high-speed milling.

4 New proposals of ball end cutting edge shapes
with micro-land treatment

4.1 Proposals of ball end mill with p-land and n-land

In Sect. 3, the understanding that (1) a large wedge angle to
maintain cutting edge shape accuracy, and (2) a positive helix
angle to easily remove chips are indispensable. One solution
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to set a negative rake angle to achieve a large wedge angle
was explored. However, it is also indicated that a negative rake
angle causes high cutting resistance which may decrease the tool
life and damage workpiece surface integrity. In order to solve
the conflicting problem, the study proposed n-land and p-land
shapes to ball end cutting edges, respectively. Two ball end mills,
P30/P10 and P30/N10, were set as basic tool models. The pur-
poses are explained below:

1. Originally fabricated helix P30 series ball end cutting edge
shapes are close to commercially available ones. It is easy to
apply the land treatment effects to commercial ball end mill
developments.

2. Focusing on the advantages of small cutting edge shape de-
formation with an N10 rake angle, and small cutting re-
sistance with a P10 rake angle, the study proposes a ball
end mill with both of the advantages by means of micro-
land treatment to improve tool life and achieve stable surface
integrity.

Figure 22 shows the image of a proposed ball end mill with
n-land. The study defines a micro-land with a negative angle

Fig. 22. Explanation of a ball end mill with n-
land treatment

(γ ′ = −10◦) as n-land, between the rake face and the cutting
edge curve, to improve the strength of the cutting edge. And the
rake face part is set with a positive rake angle (γ = 10◦) to reduce
cutting resistance next to the n-land. The n-land ball end mill is
named P30/P10/n10. At the bottom of Fig. 22, two illustrations
show the edge shape differences of ball end mills with negative
rake angle and n-land.

There are two important reminders that must be dealt with
when using the n-land shape design:

1. The land treatment process is different from conventional
honing process, since the n-land part is considered as one part
of the cutting edge shape. That is, the cutting edge radius ac-
curacy of a solid ball end mill will not be damaged by n-land
treatment.

2. To reduce cutting resistance, the n-land width (Wn) must be
designed smaller than the actual depth of cut. Additionally,
the n-land has to be designed with a different width at each
cutting edge position since two cutting edge curves cross at
the top point O. The study defines the n-land width, starting
at the edge top point (Wn = 0 mm) and ending at the edge end
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point (Wn = 0.1 mm), since the actual depth of cut is set to
0.3 mm.

Figure 23 shows another land shape proposal called p-land to
achieve the same purpose of n-land treatment. The study defines
the p-land as having a tilting angle (α′ = 5◦), smaller than the
clearance angle (α = 12◦) between the flank face and the cutting
edge curve, to improve the strength of the cutting edge. To pre-
vent the risk of lowering machining flexibility, the p-land width
(Wp) is set with a small value. The study designed four p-land
ball end mills with the widths of 0.02 mm, 0.04 mm, 0.10 mm
and 0.13 mm. Each p-land width remained constant through the
entire cutting edge. At the bottom of Fig. 23, two illustrations
show the edge shape differences of a ball end mill with a positive
rake angle and p-land. The study also made a p-land ball end mill
with a positive rake angle (γ = 10◦) and named it P30/P10/p5.

4.2 Creation and evaluation of ball end mills with micro-lands

Based on the micro-land proposals of n-land and p-land, new
functions for creating land shapes are developed and plugged
into the 3D-CAD/CAM system. Figure 24 shows the success-

Fig. 23. Explanation of a ball end mill with p-
land treatment

fully fabricated n-land and p-land ball end mills using the ex-
tended CAM system. Each type of land tools (n-land: one type,
p-land: four types) was fabricated and applied to high-speed
milling experiments three times. Figure 25 shows the experimen-
tal results of the n-land ball end mills.

The results of P30/P10 and P30/N10 were added to Fig. 25
to compare with the n-land ball end mill. It was discovered that
the tool lives particularly increased while the surface roughness
curves remained comparatively stable. Figure 26 shows the cut-
ting edge shape deformation after 416 m cutting between the
n-land tool and P30/P10. Comparing it with the n-land ball end
mill, P30/P10 has a larger area of deformation. It can be un-
derstood that a ball end mill with n-land effectively maintains
cutting edge shape accuracy.

Figure 27 shows the experimental results of the p-land ball
end mills. With Fig. 27, one can see that the experimental results
were separated into two types with different p-land widths. The
tools with large widths (Wp = 0.10 mm, 0.13 mm) show short
tool lives and unstable surface roughness. On the other hand,
the tools with small widths (Wp = 0.02 mm, 0.04 mm) show
improved tool lives and stable surface roughness. Figure 28 com-
pares the tool wear between two p-land tools (Wp = 0.04 mm,
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Fig. 24. Fabricated n-land and p-land ball end mills

Fig. 25. Experimental results with n-land ball end mills

Fig. 26. Comparison of cutting edge shape deformation

0.10 mm) after 416 m cutting. One can see that the wear pat-
terns are quite different on the top edge portions so it can be said
that greater flank wear on the top edge portion causes worse sur-
face roughness. The tool with a p-land width of 0.04 mm showed

the highest cutting performance among the four p-land tools. Al-
though a p-land tool with a small land width showed a better
cutting performance than P30/P10 (Fig. 27), it does not seem that
the effect on preventing cutting edge shape deformation is re-
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Fig. 27. Experimental results with p-land ball end
mills

Fig. 28. Comparison of tool wear with different p-
land tools

markable with a p-land. The reason being that the wedge angle
cannot be enlarged enough to improve the strength of the cutting
edge by means of a p-land treatment.

5 Proposal of ball end mill with n-p-land treatment

Based on the investigations of the cutting performance of ball
end mills with n-land and p-land treatment, Fig. 29 shows
a newly designed and fabricated ball end mill with n-p-land,
which was expected to achieve a much higher cutting perform-
ance. A ball end mill with n-p-land is used to mean one that has
both n-land and p-land treatments applied to its cutting edge. The
shape parameters used for the n-p-land have been taken from the

evaluated n-land and p-land ball end mills explained above. The
bottom pictures of Fig. 29 show enlarged views of the n-p-land
ball end cutting edge, which was successfully fabricated. The
study names the tool P30/P10/n10/p5.

Using the same cutting conditions shown in Fig. 16, high-
speed milling experiments with n-p-land ball end mills were
conducted. The experiment results are shown in Fig. 30. The
tool life curves and surface roughness curves show the measured
data with three n-p-land ball end mills. It was found that among
all the previous experiments, the n-p-land ball end mill showed
the longest tool life, and smallest difference of surface rough-
ness varying within the range of ±1 µm to the theoretical value
(3.75 µm). Not only were the surface roughness differences less,
but also the tool wear differences among the three tests were also
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Fig. 29. Designed and fabricated n-p-land ball end mill

Fig. 30. Experimental results with n-p-land ball end mills
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significantly small. Figure 31 shows the tool wear growth of the
n-p-land tool. Tool wear grew stably and unexpected chipping
was not found during the whole machining. Based on these eval-
uations, it can be ascertained that the proposed ball end mill with
n-p-land treatment shows the highest cutting performance and
is the most suitable ball end cutting edge shape for high-speed
milling.

Figure 32 shows the experiment results concerning ball
end mills P30/N10, P30/P10, P30/P10/n10, P30/P10/p5 and
P30/P10/n10/p5. Looking at this figure beginning on the left
hand side and progressing to the right, one can see that the dif-
ferences of surface roughness becomes less while the tool life
increases. This figure strongly shows the validity of micro-land
treatment.

Fig. 31. Tool wear growth of n-p-land ball end
mill

Fig. 32. Total evaluation of proposed ball end
mills

6 Conclusion

Focusing on the optimization of the cutting edge shape of a ball
end mill, the study developed and proved a reasonable tool de-
sign, creation and evaluation system. It is the first such develop-
ment for a ball end mill created using a 3D-CAD/CAM system.
The study is summarized as follows:

1. A ball end mill design and creation 3D-CAD/CAM system
was successfully developed and applied for ball end mill fab-
rication. This indicated the applicability of the developed
system.

2. Several new types of ball end mills with different rake an-
gles and helix angles were fabricated successfully with the
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developed system. By means of high-speed milling experi-
ments, it was found that P10/N10 was the most suitable tool
shape for high-speed milling among all of the investigated
ball end mills. In addition, essential conditions of ball end
cutting edge shape for high-speed milling were clarified.

3. Based on the fundamental investigations above, to solve the
conflicting problem of the increased strength of cutting edge
(advantage) and increased cutting resistance (disadvantage)
by setting a negative rake angle to a cutting edge, the study
newly proposed ball end mills with n-land and p-land. Both
of these were fabricated successfully by the developed CAM
system and evaluated experimentally.

4. By using the finest land shape parameters determined above,
the study additionally proposed n-p-land ball end mill and
fabricated it successfully. It was found that this tool displayed
the highest cutting performance among all ball end mills in-
vestigated by evaluating the cutting edge shape deformation,
tool life and workpiece surface integrity. Thus, a ball end mill
with n-p-land should be considered as the most suitable edge
shape model for high-speed milling.

5. Through the above developments and investigations, it is ev-
ident that the developed ball end mill design, creation and
evaluation system shows higher flexibility and validity com-
pared to commercially available tool manufacturing systems
for new tool development.
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