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Abstract Tool deflection of end mills caused by cutting
forces has a great effect on the machining quality and efficien-
cy. Cylindrical cantilever beam model with 80 % of tool radius
is generally used to predict the tool deflection roughly. But
that ignored the complex geometrical structure of end mills,
which is manufactured with a set of grinding operations. In
this study, the geometrical model of end mill is developed
based on the CAD/CAM integration via modeling its grinding
processes. Using the developed CAD model, the cutting co-
efficients and distributed cutting forces along the tool axis are
obtained via finite element analysis of cutting simulation.
Besides, the moment of inertia along the tool axis is also
precisely measured based on the CAD model. Finally, with
the measured inertia and distributed cutting forces, the tool
defection can be predicted accurately with the unit loading
algorithm for the cantilever beam. This study provides an
accurate approach to predicting tool deflection of end mills
based on the CAD/CAM/CAE integration.

Keywords Tool deflection - End mill - CAD/CAM/CAE
integration

1 Introduction

Milling is used widely in manufacturing industry due to its
large material removal rate and high surface quality. Tool
deflection caused by cutting forces is a common problem in
manufacturing processes, which would greatly affect the ma-
chining efficiency and quality [1-6]. As the most flexible part
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in machine structure, end mills generally contribute the most
to the tool deflection in the milling processes [7]. In practice,
trial-and-error experiments are often applied to select the
proper end mills and machining parameters, which is quite
expensive and time consuming [8], especially when high
precise machining is required.

In previous researches [1, 9—13], the tool deflection is
predicted through modeling the end mill as a cantilever cylin-
drical beam rigidly supported by the tool holder, subject to a
concentrated force at the end or evenly distributed loads along
its axis. In Kops’ research [9], the cylindrical diameter was
first proposed as 80 % of the tool’s diameter. And also, the
surface quality is investigated via calculating the tool deflec-
tion base on the cylindrical model [1, 10]. However, as shown
in Fig. 1, the end mill is formed with complex helix flutes. The
flute space will greatly affect the static and dynamic properties
of end mills [14]. What is more, the cutting forces are uneven-
ly distributed along the cutting edges and varying with cutting
rotation in the milling processes. Therefore, those assumptions
of'the cylindrical models ignore the varies of flute shape, such
as various core radius and flute length, and thus, would
introduce errors for the predicted results, especially for some
slender tools with long flutes. To improve the machining
efficiency and accuracy, it is in high demand that a new and
accurate approach to determining the tool deflection in milling
processes.

Regardless of the above algorithms, developing the geo-
metrical model of end mill and predicting the unevenly dis-
tributed milling forces along the tool axis are two major
problems to improve the accuracy of predicting the tool’s
deflection. In this paper, an accurate approach is developed
to predict the tool deflection considering the geometrical
model of end mill and the distribution of cutting forces based
on the CAD/CAM/CAE integration. First, a parametric CAD
model of end mill, including the helix flutes and cutting edges,
was developed based on CAD/CAM integration of end mills
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Fig. 1 Illustration of end mill
geometry
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via modeling the kinematics of the grinding processes.
Besides, the cutting simulation was conducted through finite
element analysis (FEA) of milling processes to evaluate cut-
ting coefficients and calculate distributed cutting forces.
Finally, the tool deflection is obtained and validated using
the unit loading algorithm with the predicted distributed cut-
ting forces.

2 CAD/CAM integration for modeling end mill

A five or four-axis CNC grinding machine is generally
employed to construct the grinding processes of end mills,
and the NC programming is generated automatically with the
commercial CAM software in industry [15]. The shape of end
mill is formed based on the kinematics between the moving
grinding wheel and cutter at each operation [16—18]. It is
difficult to model the exact three-dimensional shape of end
mills because a certain part of the shape is not determined until

the actual machining operation [19]. Therefore, the geometri-
cal model of end mill can only be developed via simulating
and modeling its grinding processes. Hereto, two major grind-
ing processes are introduced in this work including flute-
grinding and cutting-edge-grinding.

In this paper, a three-layer framework of CAD/CAM inte-
gration system is proposed illustrated in Fig. 2. The first layer
is the design parameters, including the basic information of
the end mills, such as tool radius, rake angles, relief angle, etc.,
whose values should be provided by the designers. The sec-
ond layer is the CAM system 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 pro-
cesses. The third layer is the CAD system, which is used to
generate the CAD model of end mill through calculation of the
swept volume of the grinding wheel at different position and
orientation provided by the second layer. Finally, the

Fig. 2 CAD/CAM integration
for end mill
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Fig. 3 Illustration of the flute-grinding process

integration of CAD/CAM for end mills is accomplished
through the data transmitted layer by layer.

2.1 Flute modeling

The helix flute is generated with intersection between the
grinding wheel and the cutter with a helix motion. The work-
ing area of grinding wheel occurs at the wheel edge and wheel
surface shown in Fig. 3. A parametric grinding wheel is
illustrated in Fig. 3 with wheel angle «, wheel width H, and
wheel radius r(, and the representation is given in Eq. (1):

7-cost
r-sinf |, (1)
h

ry =

where, r=ro—h-cotae and he[0 H] .
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Fig. 4 Simulation of the flute shape in the cross-section

Fig. 5 TIllustration of the cutting-edge-grinding process

In order to model the flute-grinding process, a right-hand
tool coordinate system is developed, of which the origin
Or is located at the center of left end of the cutter.
Initially, the grinding wheel is set up with a specific
position Og and orientation P,,. As described in Fig. 3,
O is the center point of the grind wheel at the larger end
and Py, is unit vector along wheel axis. The setup operation
can be expressed with a homogeneous matrix shown in

Eq. (2):

cos@ 0 sing dx

- 0 1 0 dy
M, = —sin3 0 cosf dz |’ (2)

0 0 0 1

where, (3 is the angle between P, and Z axis, [dx dy dz]
is the coordinate value of Og in the tool coordinate
system.

After that, the wheel will moving with a translation along
the tool axis and the cutter rotate with a specific angular
velocity to generate the helix flute surface. This process can

Table 1 Key parameters of the end-mill (length unit: mm, angle unit: deg.)

Tool parameters Value Description

Total length 60.00

Flute length 18.00

Tool diameter 6.00

Helix angle 45.0

Rake angle 49 Radial direction

Core diameter 3.60

1st Relief angle 9.0

2nd Relief angle 18.0

1st Land width 0.83 Normal to the cutting edges
2nd Land width 1.25 Normal to the cutting edges
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Table 2 Machining parameters for flute-grinding processes

dx (mm) dy(mm) dz(mm) [(deg.) ro(mm) o« (deg.) H (mm)

—33399 70.592 —8.000 47.18 75.000  90.00 1.924

be represented in the tool coordinate system using another
homogeneous matrix in Eq. (3):

cosw —sinw 0 0
sinw cosw O 0
M; = 0 0 1 @, (3)
tand
0 0 0 1

where, w is the rotation angle, ¢ is the helix angle of cutter, and
1 is the tool radius.

Integrating Eqgs. (1) to (3), the representation of the flute-
grinding processes at any instant is obtained in the tool coor-
dinate system shown in Eq. (4):

(r-cosB-cosf3 + h-sinf + dx)-cosw—(rsinf + dy)-sinw

(r-cosb-cosf3 + h-sinf + dx)-sinw + (rsinf + dy)-cosw
rr =
“n r-cosf-sinf3 + h-cosf + dz
tand

(4)

In general, the flute shape is investigated in the

cross-section (XY plane) that is setting -t—r-cosf-sin3+

h-cosf3+dz =0 . We will get the representation of flute
shape in the cross-section shown Eq. (5):

(r-cosB-cosf + h-sinf + dx)-cosw—(rsinf + dy)-sinw
(r-cosB-cosf3 + h-sinf3 + dx)-sinw + (rsinf + dy)-cosw |’

(5)

r.(0,h) =

(r-cosf-sin3—h-cos3—dz)-tand

where, w = o

As shown in Fig. 4, a Matlab program is developed to
simulate the above processes. It is observed that the flute
shape consist of two connected curves: (a) the first curve

Shank

Flute
I * cutting edges
I 2"cutting edges

Fig. 6 CAD model of the end-mill
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generated by the wheel edge and (b) the second curve gener-
ated by the envelope of wheel surface. For the first curves, it
can be obtained by setting #=0 in Eq. (5). For the enveloping
curve, the wheel surface is discritized into sets of finite
disks and each disk is swept and intersected with the
cross-section. The enveloping curve is deduced from a
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Fig. 8 Cutting forces in the milling processes
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family of swept disk based on the envelope theorem in Eq. (6)
described in Fig. 4:
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2.2 Cutting-edge modeling

Basically, for each flute, there are two cutting edges, called the
first cutting edge and the second cutting edge, which are defined
by the corresponding relief angles (o1, ) and land widths
(Wp1, W) shown in Fig. 5; the cutting edges are ground by the
wheel edge. Initially, the grinding wheel is configured with an
angle oy, and then grinding via helix motion which is result from
the translation of the grinding wheel and the rotation of the
cutter. In the cutting-edge-grinding process, the configuration
angle o, is determined by corresponding relief angles: o1, 0¢y».
Similarly with the flute-grinding, the helix motion is governed
by the transformation matrix in Eq. (3). In this process, the relief
angles and land widths are obtained. The mathematical expres-
sion of the first and second land surfaces are derived using a
general form of equation shown Eq. (7).

W p1-cosw— (rp—Wp “tanay,- u) -sinw
W, pesinw + (r,—Wp-tanay,- 1t ) -cosw
rland(lh“) = Pt ( l:«.) - P P NJ) ) (7)
T

tand

where p€[0,1], o is the relief angle, W, is the land width,
and r,, is the radius from the tool origin Or to the grinding

Third Wave AdvantEdge

Mises Stress (MPA)
4617.41
4243.10
3868.79
3494.48
3120.17
2745.86
2371.55
1997.24
1622.93
1248.62

874.31

500.00
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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 14,800 kg/m® 7,850 kg/m’
Hardness, Brinell 2,570 N/mm’ 1,049 N/mm®

Yield strength - 821 MPa

Ultimate tensile strength - 1,073 MPa

point G; or G, corresponding to the first and second land
surface described in the break view in Fig. 5.

2.3 Validation of the proposed CAD model

To demonstrate the validity of proposed CAD/CAM integra-
tion approach, the end mill model was simulated with the
volume-sweep function in software CATIA. In this example,
a four-flute end mill is designed and the corresponding pa-
rameters are specified in Table 1. In order to guarantee the
design parameters, the CAM processes were developed to
machine the flute. In the flute-grinding simulation, the grind-
ing wheel dimension ry, o, H and its position [dx dy dz],
setting-up angle 3 are illustrated in Table 2. The first and
second relief angles are 9° and 18°, respectively, which are
used to model the cutting edges. Finally, the solid CAD model
is obtained from the grinding processes shown in Fig. 6.
Besides, the moment of inertias along the tool axis is investi-
gated from the developed CAD model with CATIA measure
function shown in Fig. 7, which will be used in the following
tool deflection prediction.

3 Cutting forces prediction

The cutting forces are generated in the milling processes while
the rotating cutter removing the material, and the cutting

Table 4 Machining parameters and average cutting forces with
AdvantEdge

No. Cutting speed Feed rate ¢ Axial cutting

FW

(m/min) (mm/tooth)  depth a, (mm) FE )
1 160 0.03 3.00 —4544 3739
2 160 0.06 3.00 —7323 4717
3 160 0.10 3.00 —1094.7 5054
4 160 0.12 3.00 -1271.1 5579
5 160 0.15 3.00 —-1519.9  606.0
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Fig. 11 Cutting forces measured for AISI4140

forces play an important role in the tool deformation, surface
finish, tool wear, etc. Generally, the cutting forces are regarded
as a linear function with respect to the feed rate and uncut chip
thickness using cutting coefficients [2, 5]. In the milling
processes, the cutting forces are distributed along the cutting
edges with varying magnitudes and directions. In order to
predict the distribution of the cutting forces, the end mill is
divided into finite segments along the tool axis shown in
Fig. 8a. For each segment, the elemental cutting forces are
resolved into two direction and calculated by Eq. (8). The total
cutting forces could be obtained by summing up all the
elemental forces.

-z

Jj=1

[cos¢

—sing | | Kich 4+ Kye
sing

_COS¢ Krch +Kre:|.AZ7 (8)

where, Az is the discrete cutting depth along the tool axis; N is
the tooth number; and Ky, K, K., and K. are called cutting
coefficients which are related to the tool geometry and ma-
chined material; / is the uncut chip thickness expressed in

Eq. (9).

h {c-sinqS, Gentry SO= Pexit (9)

0, others

where, c is the feed rate per tooth; ¢ is the immersion angle
shown in Fig. 8b; and @entrys, Pexit are the entry and exit angles.

Table 5 Cutting coeffi-

cients of AISI4140 Cutting coefficient Value (MPa)
Kie 607.1
K. 87.8
K 2,969.8
K. 51.0
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Besides, the position where the corresponding elemental
cutting forces are applied is also represented in the coordinate
system of Fig. 8 with the following matrix:

11 * Sing
ry-coso |,
L-n-Az

y| = (10)

where, L is the suspended tool length and # is the segment
sequence number.

In summary, as shown in the flow chart Fig. 9, the milling
process is discretized in two aspects: in the time domain, it is
examined angle by angle through discretizing the rotating
immersion angle; in the space domain, it is divided along the
tool axis and the elemental cutting forces are calculated based
the above equations slides by slides. Finally, a Matlab

|
100

I \ I
150 200 250 300 350
Rotation angle (deg.)

program is developed to simulate the milling process. In the
program, not only that the total cutting forces are obtained, but
also the distributing elemental cutting forces are recorded.

AISI4140 alloy steel is a typical high strength material
applied widely in industry, such as gear, automotive connecting
rod, etc. Due to its high hardness, larger cutting forces are
always produced and cause corresponding larger tool deflec-
tion. In workshop, the lower cutting depth and short tools are
generally recommended to get higher machining accuracy [13].
But that would cost the machining efficiency to some extent. In
this research, AISI4140 is used as the experimental material to
predict the cutting forces and deflection in milling process.

As described in Eq. (8), the cutting forces are linear func-
tion of four cutting coefficients which are generally deter-
mined experimentally under various cutting condition. In this
research, in order to get the cutting coefficients integrating
with the developed end mill model, the full immersion milling

16—

141+

121+

1011

Elemental cutting forces (N)

0.5 1 1.5

2
Cutting depth along the tool axis (mm)

Fig. 13 Elemental cutting forces (Fy-max) distributed along the tool axis

25 3 35
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Fig. 14 Unit loading algorithm for predicting the tool deflection

experiments are carried out via FEA simulation using
AdvantEdge which is a commercial CAE software for metal
cutting shown in Fig. 10. The material properties of end mill
and work-piece have been provided in the material database of
AdvantEdge listed in Table 3. The corresponding geometrical
parameters are listed in Table 2, and the various machining
parameters are described in Table 4. The estimated average
cutting forces are approximated from the simulation results
using the least square method also shown in Table 4.
According to Ref [2], the average cutting forces for full
immersion milling can be expressed as following:

_ Na Na
Fi=———Kce——Ke
4 ™ (1 ])
_ Na Na ’
Fy = +—Kic + —Kie
4 ™

where, N is the tooth number, a is the axial cutting depth, and ¢
is the feed rate.

As shown in Fig. 11, the linear functions are applied to fit
the test data. Finally, integrating Eq. (11) and the fitting
functions, the cutting coefficients can be derived and present-
ed in Table 5.

Since the cutting coefficients have been obtained through
FEA simulation, cutting forces can be predicted under any
cutting condition via substituting the cutting coefficients into
the force prediction program. An example is given to predict
the cutting forces with a non-full-immersion case. As shown
in Fig. 12, the total cutting forces within one rotation (360°)
for AISI 4140 are calculated with the cutting parameters: axial
cutting depth 3.5 mm, radial cutting width 2.00 mm, cutting

Fig. 15 Tool deflection

.o . U, Magnitude
prediction with FEA

+1.564e-01
+1.434e-01
+1.303e-01
+1.173e-01
+1.043e-01
+9.124e-02
+7.820e-02
+6.517¢-02
+5.214e-02
+3.910e-02
+2.607e-02
+1.303e-02
+0.000e+00
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speed 160 m/min, and feed rate 0.07 mm/tooth. Other than
full-immersion cutting simulation, the engagement between
cutting tool and work-piece in this example is diverse which
will present different cutting forces. And it is observed that Fy
is much larger than Fx, thereby tool deflection in the Y
direction dominates in the milling process. Besides, the ele-
mental cutting forces (Fy-max) along the tool axis are also
predicted in Fig. 13, which will be used in the following tool
deflection calculation.

4 Tool deflection prediction

In this work, the end mill is modeled as a cantilever beam with
different cross-sections to calculate the tool deflection using
the unit loading theory. According to the beam deflection
superposition principle, the deflection indicated by d(z) can
be calibrated via summing up the effect caused by the ele-
mental cutting forces shown as the following equation:

d(z) = di(z), (12)

i=1

Where, d; called elemental deflection which caused by each
elemental cutting force.

As described in Fig. 14, the elemental deflection at point z;
can be derived using energy method applying unit loading and
expressed in Eq. (13):

L
m-M
di(z;) = —dI, 1
0
Where m is the torque caused by the unit force and can be
. )z j_l R <z j .
represented as: m = { 0, 1>z and M is the torque

caused by the elemental force and expressed as:

v fele D), 1<,

and / is the area moment inertia
0 , >0 7

for the corresponding cross-section.
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Fig. 16 Tool deflection prediction with different models

Generally, the integration formula of Eq. (13) can be cali-
brated through numerical method by discretizing the beam
into finite segments shown in Eq. (14), which could be easily
programmed using computer.

n

m-M
di(z;) = — Al 14
&) =2 (14)

With Egs. (12) and (14), the deflection caused by the
elemental cutting forces can be obtained at any point along
the beam axis.

5 Validation and application

In this research, the developed CAD model of end mill in
Fig. 6 is used to verify the proposed deflection model. The
suspended tool length in this example is truncated as 30 mm,
and the corresponding material properties have been described
in Table 3. And also the moment of inertia of end mill is
provided in Fig. 7. With all the above information, a Matlab
program is developed to calculate the maximum tool defection
in'Y direction under elemental cutting forces Fy-max with the
unit loading algorithm. The prediction result is shown in

02 :

—&— Cutting depth Smm

0.18 —=— Cutting depth 4mm
—+— Cutting depth 3mm
—6— Cutting depth 2mm

—&— Cutting depth 1mm

0.14

0.12

0.1

Deflection in the Y direction (mm)

15 20 25 30

Suspended tool length along Z axis (mm)

Fig. 17 Tool deflection with various cutting depth
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Fig. 16. In order to evaluate the accuracy of the prediction
results, a FEA simulation is conducted with the elemental
cutting forces applied along the tool axis using ABAQUS
shown in Fig. 15. The CAD model is partitioned into shank
and flute to improve the meshing quality. And the FEA result
is export with a dataset and plot in Fig. 16. The result shows a
rather good agreement between the proposed analytical ap-
proach and the FEA simulation result. However, the running
time for FEA (25 min) is much longer than the proposed
approach (1.9 s) with the same computer. Besides, the pro-
posed approach is also compared with the cylindrical model,
which shows that the tool deflection with cylindrical model is
over-predicted.

As aforementioned, the tool deflection will affect the
machining efficiency and quality. A deflection diagram
with various cutting depth for the developed end mill is
described in Fig. 17, which can be applied to select the
proper machining parameters in workshop. Furthermore,
based on the proposed CAD/CAM/CAE approach, the
prediction results can be fed back to improve the end
mill design, such as increasing the core radius to en-
force the rigidity or sharping the rake angle to reduce
cutting forces.

6 Conclusions

In this paper, a parametric CAD model of end mills
including the flutes and cutting edges is developed and
verified via modeling its grinding processes. Using this
model, a FEA cutting simulation is carried out to pre-
dict the cutting coefficients for AISI 4140 alloy steel,
and then, the distribution of cutting forces is calculated.
The tool defection can be accurately predicted using the
unit loading algorithm integrated with the CAD model
and distributed elemental cutting forces. In addition to
predicting the tool deflection, the developed CAD mod-
el can be further used to improve the design of end mills via
FEA simulation.

@ Springer
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