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End mills are widely used in CNC machining. However, the complex structures of end mills make it difficult to define the CAD model
which determines the quality and performance of virtual cutting tests. This paper presents an accurate CAD model of end mill through
analyzing kinematic models of grinding processes. Initially, a common parametric representation of grinding wheel is given. Base on
the given wheel profile and the design parameters of cutters including the rake angle, core diameters and pitch angle, the representation
of helix flute surface is first calculated using contact theory and also the formulation of rake angle and pitch angle are investigated.
Next, four design parameters are used to control the shape of the gash which is formed via Boolean operation between the given wheel
and end mill. Similarly, the peripheral edges and end edges are swept using grinding simulation. Finalby, integrating all the above
processes, a parametric CAD model of end mill is represented. The simulation results showed that the proposed CAD model could
achieve le-3 mm and 2e-2 deg. in accuracy, which can be used to evaluate the grinding process or improve the future FEA analysis

of end-mills.

NOMENCLATURE

R = grinding wheel radius

[dx dy dz] = grinding wheel position
S = grinding wheel orientation
rr= cutter radius

r. = cutter core radius

y= flute rake angle

7% = end rake angle

¢ = flute angle

1 = gash angle

a, = peripheral relief angle

a, = end relief angle

1. Introduction

Milling is used widely in a variety of industrial applications to
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machine complex surface and remove large amounts of material.'? The
performance of milling process is determined by the mechanism which
can be modeled through the intersection between the machining tool
structures and the work-piece.*® However, because of the complex
structures of end mill, most of researches for the milling process are
based on the simplified CAD models which use the lines and arcs to
approximate the basic cutting angles.”® The geometrical model of end
mill is the basis of further engineering analysis, such as finite element
analysis of cutting performances. Besides, some researchers also
pointed out that accurate models of cutting tools used in the machining
processes are required to precisely simulate the machining operations.’
Therefore, developing the accurate geometrical model of end mill is
very important.

End mill is generally manufactured using the CNC grinding
machine. With the advance of CNC technology, the precision of cutter
is increasing, and it also brings kinds of geometrical features, such as
the gashes, variable pitches.'”'> There are some papers focusing on the
grinding methods of end mill, mainly building the flute shape. Kaldor'?
first discussed two basic problems in the flute-grinding processes:
determination of the resulting flute profile for a given grinding wheel

@ Springer
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Fig. 1 Scheme of modelling end mills
and determination of the wheel profile for a desired flute cross-section. v
B
Chen'* presented a method to grind rake face of taper end mill using B
spherical grinding wheel. Nevertheless, most of those researches focus i
on shaping the helix flutes without considering the gashes and edge
features. It is difficult to model the exact three dimensional shape of an R
end mill because a certain part of the shape is not determined until the
actual machining stage.!>!¢ In this work, the paper was organized as ) ,
1 v g
following. First, a parametric CAD model is provided base on the Og
grinding processes including the helix flute, gashes and cutting edges
through modeling the kinematic of the grinding operations. Second, the «——H—>

CAD model was verified by the CNC grinding experiments. Finally, to
address the accuracy and benefits of proposed CAD model, the cutting
forces prediction in milling simulation was carried out with different

methods.

2. Framework of Modeling End-Mills

Five or four axis CNC grinding machine is employed to construct
the grinding processes of end mils and the NC programming is generated
automatically through the specific commercial CAM software in
industry. Basically, four main plans are required to finish grinding of
end mill, that is, flute-grinding, gash-grinding, end cutting-edges-
grinding and cylindrical cutting edges-grinding.'® In this paper, the
framework of modeling the end-mills were shown in Fig. 1. The first
layer is the design parameters, including the basic information of the
end-mills, such as, tool diameters rake angles, relief angle, and so no,
of which values should be provided by the designers. The second layer
is the grinding operations which is aimed to program the planning of
grinding processes to satisfy the requirement of the design parameters
provided by the first layer. In the second layer, the main task is to
determine the proper geometry of grinding wheel and develop the
kinematics of grinding processes. The third layer is the CAD system,
which is used to generate the solid model of end-mill through calculation

Fig. 2 Profile of standard grinding wheel

of the swept volume of the grinding wheel at different position and
orientation provided by the second layer. Finally, the CAD model for
solid end-mills was accomplished layer by layer.

The shape of end mill is formed through grinding between cutting
tool and grinding wheel. Thus proper wheel geometries must be
determined prior to machining the helical flute for the end mills
designed. In mass production, the grinding wheels are standardized into
several types. A wheel coordinate system 0,-X,Y,Z, is established to
represent the grinding wheel in a parametric form in Fig. 2. Then, the
grinding wheel can be represented in the wheel coordinate system in
Eq. (1). The wheel surface normal IV, can be obtained in Eq. (2).

R-cos@
W,(h,6)=| R-sin® (D
h

where R is the wheel radius, /# and are the wheel parametric variables
with % e [0, H], € < [0, 27].
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Fig. 3 Illustration of the flute-grinding operations
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3. Grinding Processes and Mathematical Modeling

3.1 Flute modeling

The helix flute grinding is the most important step in the entire end
mill manufacturing process, since it forms important parameters such
as rake angel, core diameter, pitch angle, and helix angle.'" In practice,
the flute is machined by the grinding wheel moving with a helix
motion. In this work, the grinding processes are modeling, and all the
parameters are calculated using the contact theory.

To demonstrate the configuration and machining processes, two
coordinate systems are set up, one is moving coordinate system Oy,
which has been mentioned in the above wheel coordinate system. And
another is tool coordinate system denoted by Ot. As shown in Fig. 3,
the grinding wheel is set by rotating about the Yt axis by the wheel set-
up angel S and translating by a vector [dx dy dz]. Therefore, the initial
setting of the grinding wheel can be expressed by homogenous
coordinate transformation matrix in Eq. (3). After configuration, the
work-piece rotates about tool axis Zr in a specific angular velocity o,
while grinding wheel translates along Zr axis in a specific translation
velocity v. The corresponding equivalent matrix is expressed in Eq. (4).

M, =trans(Z,,dz)-trans(Y;,dy)-trans(X,,dx)-rot(Y., )

cosff 0 sinf dx
N I R % 3)
—-sinff 0 cosf dz
0 0 0 1
cos(w-t) —sin(@-1) 0 0
sin(w-1) cos(@-t) 0 0
M, ()= 4
:(1) 0 0 1 vt @
0 0 0 1

Fig. 4 Definition of flute parameters in the flute cross-section

where, ¢ is the machining time.

As aforementioned, the flute surface is generated by intersection
between the tool and the grinding wheel in a helix motion. In this
operation, at any instant, the grinding wheel is contacting the flute
surface with a curve which is called contact curve in this work. The
contact curve can be derived in the tool coordinate system based on
kinematic relation of the grinding wheel and the work-piece using
contact theory in Eq. (5).

Np-Vp=0 (%)

Where, Nris the normal of the grinding wheel surface in the tool
coordinate system and can be obtained through transform of Nj.

The flute surface can be obtained through integrating all the above
equations and expressed in Eq. (6).

dx-cos(wt)—dy-sin(wt)+h-sinf- cos(wt)
—R-sin@* - sin(wt)+R- cosf- cosf*- cos(wt)

dx - sin(wt)+dy- cos(wt)+h-sinf- sin(wt) (6)
+R-sind* - cos(@wt)+R-cosf-cosd*- sin(wt)

h-cosf+vt—R-sinf- cos 0*

N flute =

Generally, the flute parameters including rake angle, core radius and
flute angle are defined within the cross-section. As shown in Fig. 4, the
flute profile is described in the reference of the tool coordinate system.
In order to define the flute parameters, two key points is illustrated as
following: The start point Py and end point Pr of the flute are the
intersection of flute profile with the tool boundary. The flute angle f
refers to the open angle ZPsO;P: between the start point Pg and end
point Pg, which can be expressed using the vector form in Eq. (7).

™

¢= acos( OTPS.OTPEQ

|OTRS‘|'|OTPE

The core radius is the minimum distance from the flute curve to
origin Oy, which can be calculated using the following expression in

Eq. (8).
r,= min(sqrt(x2 + y2)) , where [x,y]€Sg,, )

Besides, the rake angle g is also calculated as the angle between the
tangent TPs shown in Eq. (9) and radius direction POy at point Ps.
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Fig. 5 Illustration of gash angle and end rake angle

Yr

Fig. 6 Configuration of the gash-grinding operations
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3.2 Gash modeling

From the literature review, there are few papers discussing the gash
model. Gash is locating at the bottom of end mill and it provides the
chip space while feeding axially in milling processes. Besides, the
distribution of gashes determines the type of end tooth, such as long
tooth and short tooth. The geometry of the gash is governed by two
critical parameters: end rake angle denoted by # and axial gash angle
Ye in Fig. 5.

Comparing to the flute-grinding processes, gash is formed simply at
the bottom of end mill. As shown in Fig. 6, initially, the wheel
coordinate system is in coincidence with the tool coordinate system.
Then, the grinding wheel is configured by rotating about the Xy axis by
a set-up angle 90-y., and finally it translates by a distance A in the
direction of OgOr. Similar to the flute-grinding, an equivalent matrix
M, is introduced to represent this operation:

1 0 0 0
0 sin —cos A-sin
M, = Ve ' Ve Ve (10)
0 cosy, siny, —A-cosy,
0 0 0 1

After configuration, as shown in Fig. 7, the grinding wheel
translates by a distance L, in the Xy direction, and then goes to the Yt
direction by a distance L,, finally, exits according to the exit angle «.
In this process, the gash angle 7 is determined. Noting that, in Fig. 7,
the distance L, is off to the tool center, which means the corresponding
teeth is short. If L, is passing the tool center, it will be a long tooth.

Fig. 7 Illustration of the gash-grinding operations

Yt

Fig. 8 Scheme of grinding the gash angle

In this work, Boolean operation between the grinding wheel and the
tool is employed to develop the gash CAD model. In the gash modeling,
only two Boolean operations is enough to simulate this process
accurately. One operation is used at the translating distance L,, and
another is at the translating distance L,.

The gash angle is formed when the grinding wheel reach the distance
L, in Fig. 8. And, the gash angle is ground by the larger end of the
grinding wheel. From a geometric view, the kinematic relation between
the grinding wheel and the tool can be illustrated with a geometric model
shown in |Fig. 8. The circle in the figure represents the larger end of
grinding wheel, and it is intersected with the tool at two points G, and
G,. The gash angle is regards as the angle between vectors GG, with
the negative Yt axis.

The larger end of grinding wheel is expressed by Eq. (11) in the tool
coordinate system.

(11

ET(9)2|:R~COSH—LI _\/ﬂ}

R-sinf—-A

The point G is calculated through Eq. (11) by setting R - sind— A =0:

G | b
1—[0} (12)

Similarly, Let R-cost9—L1—A/R2—A2 =-r, in Eq. (11), we get:

. {L1+A/R2—A2—rt}
0, = acos| ——————

= (13)
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Fig. 9 three types of cutting edges: concave, flat and eccentric

Fig. 10 Illustration of grinding end cutting edges

Substituting 6:;7 into Eq. (11), point G, is obtained expressed by

Eq. (14).
R-cos(05,)—L,—VR*-A’
G,= (149)
R- sin(egz)—A

Since point G, and G, is found, it is easily to represent the vector

G\G; in Eq. (15).
R-cos(6;, )—R —A
G,G,= : (15)
R- sin(@Gz)—A

The formula of gash angle is shown in Eq. (16)
2_sin(0;,)

7 = atan S S — (16)

005(922)— / 1 —(%)2

3.3 Cutting edge modeling

In metal cutting processes, cutting edges are the most important
factors which greatly affect cutting efficiency. Comparing to the flute
geometric shape, the cutting edges are easier to be grounded. And, the
relief angle defined on the corresponding flank surfaces are formed in
this grinding process. Generally, according to different grinding methods,
the cutting edges can be classified into three types: concave, flat and
eccentric shown in Fig. 9. In this study, the flat cutting edges are
discussed. For the cylindrical end mill, the cutting edges are composed
of two parts: the end cutting edges and the peripheral cutting edges.

Basically, for each tooth, there are two cutting edges, generally called
the first cutting edge and the second cutting edge which are defined by
the corresponding relief angle (0., 0.;) and cutting width (We,, We,).
As shown in Fig. 10, the first end cutting edges are ground by the larger

end of grinding wheel. The wheel is set up by an angle a and then

(
ap.-”
| Y, :
| pN
>
L
XT J OT
\-.
,

Fig. 11 Hlustration of grinding peripheral cutting edges

translates along the cutting edges. Obviously, the set-up angle o, is
determined by the first end relief angle. The second cutting edge is
grounded with the same operation. And the geometric relation between
the two cutting edges is demonstrated using a break view shown in Fig.
10.

Similarly, the peripheral cutting edges are ground via helix motion
which is result from the translation of the grinding wheel and the
rotation of the tool shown in Fig. 11. And, the helix motion is governed
by Eq. (4). In this process, the peripheral relief angle o, and width w,
is obtained. The mathematical expression of the flank surface is derived
in Eq. (17).

w, -,u-cos(t)—(rT —w-tan(ap)«,u)-sin(t)
F(u,t)=|w, ~,u-sin(t)+(rT —w~tan(ap)-,u)~cos(t) (17)

7y -cotd -t

Where, 1 € [0, 1], o, is the relief angle and w), is the relief surface
width.

4. Verification

In the above sections, a solid CAD integrated model of end-mill
was proposed based on modeling its grinding operations. In order to
verify the proposed model, both the CAM simulation and grinding
experiments were conducted to design a four-flute end-mill in this
work. The setting parameters for CNC grinding including the grinding
wheel dimension and its location, as well as setting-up angle f are
illustrated in Table 1. The CAM simulation was implemented with the
volume-sweep function in 3D software CATIA with the proposed
mathematical models. As shown in Fig. 12(a), the solid CAD models
was obtained including flutes, cutting edges, gash and tool bar were
rendered with different colors. The corresponding parameters of the
solid model are also measured in CATIA shown Fig. 12(b). Besides,
the designed end-mill was manufactured with Walter CNC grinding
machine with the proposed grinding parameters shown in Fig. 12(c).
The tool parameters for the manufactured cutter were measured with
the equipment JTVMS2010 shown in Fig. 12(d) and the measure results
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(a) Solid CAD model of the end-mills
generated by CATIA

(b) CAD model parameters
measured by CATIA

b
-

(d) JTVMS2010 for
cutters measurement

(¢) End-mill manufactured with
CNC granding machine

Fig. 12 Verification of the proposed CAD model

Table 1 Setting parameters for CNC grinding operations (length unit:
mm, angle unit: deg.)

CNC Wheel Wheel position Set up
Operations parameters [dx dy dz] angle S
Flute-grinding  R=75 H=20 [28.963 64.716 -31.258]  49.20
Flank-grinding ~ R=50 H=15 [9.218 58.199 0.000] 0.00
Gash-grinding R=75H=20 [-37.400 1.899 -54.094]  10.00

Table 2 Comparisons of the developed CAD model and manufactured
cutter (length unit: mm, angle unit: deg.)

Tool Designed Developed Manufactured
parameters cutter CAD model cutter
Total length 60.000 60.000 60.030
Flute length 18.000 18.000 18.120

Tool diameter 6.000 6.000 6.010
Helix angle 45.00 45.00 45.12
Rake angle 5.00 5.02 5.38

Core diameter 3.600 3.600 3.610

1st Relief angle 9.00 8.98 9.82
2nd Relief angle 30.00 30.19 30.68
Ist Land width 0.550 0.571 0.595

End rake angle 10.00 10.00 10.02

Gash angle 42.00 42.02 42.12

were tabulated in Table 2. To address the accuracy of the proposed
model, the comparison between the proposed CAD model and real
cutter was listed in Table 2, which showed that the difference between
the designed cutter and the built CAD model could achieve le-3mm
and 2e-2 deg. in accuracy, which satisfy the tolerances requirement of
end-mill design and manufacture.

5. Application

To investigate the accuracy of the proposed model, the cutting forces
in the milling simulation were predicted with the proposed CAD model
and the simplified CAD model in the FEA shown in Fig. 13. The FEA
software used in this research is ThirdWave AdvantEdge, which is a
powerful commercial CAE software devoted on metal cutting simulation.

Proposed CAD model Simplified CAD model

Fig. 13 The proposed CAD model and simplified CAD model for
end-mills

Tool holder

End-mill

Kistler 92558 Amplifier AlD

Waorkpiece

Kistler Dynamometer

Table

Fig. 14 Cutting forces measurement with the manufactured cutter

Table 3 Material properties of the end-mill and work-piece

Material properties End-mill Work-piece
Material Tungsten carbide ~ AISI4140 Alloy steel
Modulus of elasticity 690 GPa 200 GPa
Poisson’s ratio 0.24 0.3
Density 14800 kg/m® 7850 kg/m®
Hardness, Brinell 2570 N/mm? 1049 N/mm?
Yield strength - 821 MPa
Ultimate tensile strength - 1073 MPa

In this application, AISI4140, a typical high strength material applied
widely in aeronautic industry, was used as an experimental material to
predict the cutting forces in the milling simulation. The properties of
the materials and cutting tools are pre-defined shown in Table 3. The
milling processing parameters was set as cutting depth 3 mm, cutting
width 1.2 mm, feed rate 0.06 mm/tooth and spindle speed 8000 rpm.
In order to save simulation time, the 3D cutter models are truncated
with the effective cutting lengths (5 mm) and imported to the software
with stp format. Besides, as shown in Fig. 14, the cutting forces were
also obtained from experiments use the manufactured cutter of Fig.
12(c) to compare with the FEA simulation results.

The cutting forces predicted with different methods were plotted in
Fig. 15, respectively. It showed that the cutting forces predicted by the
proposed CAD model were in better agreement with the experiments
than the simplified CAD model. The average deviation of cutting forces
between the proposed CAD model simulation and the experiments was
around 10%, which can be acceptable as an estimation to evaluate the
cutting performance for the end-mill design.
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Fig. 15 Cutting forces prediction with different methods

6. Conclusions

In this paper, a parametric CAD model of flat end mill is proposed
based on its grinding processes. The exact flute shape model is
represented via the explicit equation using contact theory between the
given grinding wheel and the tool. And the representation of the rake
angle and pitch angle in the cross-section of helix flute are derived.
Besides, a more detail mathematical model of the gash including the
machine configuration and grinding processes is first proposed in this
study. The actuate CAD model can be utilized as a fundamental part of
virtual simulation to improve the quality of tool, such as the prediction
of cutting force and the suppression of chatter in machining processes
using FEA method. And another application is to be integrated with CAM
system to generate NC code for grinding end mill in a CNC machine.
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