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Abstract: This paper develops an integrated smart cutting parameter selection system for pocket milling. Currently,
general CAD/CAM systems generate pocket milling tool paths according to user-designated cutting parameters
typically including cutting depth, feed rate, and spindle speed. Pocket milling is often used for rough machining, and
shorter cutting times are used to increase productivity. Although shorter machining times can be accomplished with
deeper cutting, it may result in unstable cutting (chatter). Stability lobe diagrams (SLD) generated from cutting and
tapping tests on selected machine tools describe the relationship between cut depth and spindle speed. However,
despite offering useful information for selecting cutting parameters for chatter-free cutting, SLD has not been
integrated with existed CAD/CAM systems. Therefore, this study integrates SLD in a CAD/CAM system to effectively
determine the optimum cut depth and spindle speed for a theoretically chatter free pocket milling tool path. A case
study is used to verify the proposed system integration.
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Figure 1 illustrates a typical four stage sequence for
machining a mechanical part using a traditional
CAD/CAM system. Stage 1 builds a geometric model for
the mechanical part to be machined. Stage 2 sets the
machining processes to be used including cutter

Introduction

Most metal machining companies operate at the
small-to-medium sized enterprise (SME) scale, which

allows them to pursue unique and innovative selection, cutting range dimensional data, coolant On/Off,
technologies but can leave them subject to resource fixture setup, machining type (rough milling, finish
limitations. They also strugg'e with insufﬁcient m||||ng, etC.), machine t00| Conﬁguration (e.g., d Vertical

production staff, relatively low technical capability, and
frequently are contracted to produce work pieces in
small quantities and large variation, thus incurring
increased R&D and prototyping costs. The establishment
of a common database of innovative and unique digital
technologies could help such firms collect and access

milling machine center), and cutting parameters (depth
of cut, feed rate, spindle speed). Stage 3 generates the
tool path to create a cutter location file (CLFile). Stage 3
also includes tool path movement simulation, collision
detection, and solid cutting verification. A numerical
control (NC) program can be generated using a
the machine tool

domain expertise and knowhow, improve talent post-processer  according  to
cultivation, and enhance enterprise technology configuration. Stage 4 then drives the assigned milling
utilization. Integrating metal cutting physics into machine tool for actual cutting to produce the

CAD/CAM applications has important implications for
improving the international competitiveness of SMEs.
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mechanical part according to the generated NC program
which defines the machine tool’s axes of motion and the
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actuation sequences of miscellaneous peripheral devices.
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Build Product 3D Machining L Workpiece
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L
Tool Ma_c ining 3D Model
<Stage 2> Setting Environment —| Settings
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Toolpath | [ post-process NC ontrotler an Gouge
Program (| Machine Tool Checkin
g‘ Configuration 9
N7 0
< Stage 4> CNC Machine
Mac,ﬁnmg Tool Machining
Implementation

Fig. 1. Typical sequence using a traditional CAD/CAM to machine a

mechanical part.

Although feed per flute (tooth) makes a more
appropriate cutting parameter, feed rate is generally
used as a cutting parameter in the NC program, likely
because feed rate is more easily defined and more
intuitive for a human operator. The relation between the
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feed rate and feed per flute is shown in Eq. (1). Feed per
revolution is shown in Eq. (2), while the relationship
between tool diameter, spindle speed, and cutting speed
is shown in Eq. (3).

F=Sxf,xZ (1)
fs=fx*xZ (2)
Ve=mxDXS (3)

Where,
S: Spindle speed (RPM, rev/min)
f,: Feed per flute (tooth) (mm/tooth/rev)
Z: Number of flutes/teeth on the cutting tool (tooth)
F: Feed rate (mm/min)
f5: Feed per revolution (mm/rev)
D: Tool diameter (mm)
Vc: Cutting speed (mm/min)

Cutting speed (Vc) represents the relative speed
between the contact surface of the rotational milling
cutter and the work-piece. Spindle speed can be
calculated once “Vc” and tool diameter “D” are
determined, as shown in Eq. (4). However, tool makers’
technical manuals generally provide recommended
spindle speed values for given work-piece material, tool
materials, surface quality, tool diameter, number of tool
flutes, and milling type (e.g., rough milling and/or finish
milling). These manuals also generally provide
recommended values for feed per flute and cut depth.

S =Vc/(mt X D) (4)

Thus, the cutting parameter settings (e.g., Stage 2
of Fig. 1) are generally based on manufacturer
recommendations and the practical experiences of the
CAD/CAM engineers. On the other hand, if the NC
program is written manually by an operator or a
technician (as is the case in most of SMEs), cutting
parameter assignments are highly dependent on the
preferences and experience of the operator or technician.
Therefore, CAD/CAM operations could significantly
benefit from a smarter, more systematic, and more
objective way of determining cutting parameters.

From the perspective of cutting mechanics theory,
cutting processes in milling machining are characterized
by intermittent contact between the cutter and
work-piece, resulting in non-continuous cutting forces
and uneven dynamic chip thickness [1]. Chatter during
the machining process can cause unwanted work-piece
surface roughness. As shown in Fig. 2, stability lobe
diagrams (SLD) represent the relationship between axial
cut depth and spindle speed. The stable
(blue-colored area) is below the SLD curve. For example,

Zzone
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Stability Lobes (Analytical)
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Fig. 2. Example of a stability lobe diagram (SLD).

P1 and P2 feature identical cut depths, but different
spindle speeds, respectively producing stable and
unstable cutting. This means the SLD is a good reference
for a CAD/CAM engineer to assign an appropriate cut
depth at a preferred spindle speed to generate the
milling tool path. This SLD information could be
integrated into CAD/CAM software to generate an
optimal milling tool path.

Therefore, this paper focuses on the development
of a CAD/CAM system that integrates SLDs to effectively
determine the optimum cut depth and spindle speed for
the generation of theoretically chatter-free pocket
milling tool paths. The remainder of this paper is
organized as follows. Section 2 describes the SLD and its
applications, followed by a description of the cutting
experiment to calculate the cutting force coefficients to
support the generation of SLD. Section 3 presents a
typical flowchart using a traditional CAD/CAM for
comparison with the developed CAD/CAM with
integrated SLD. A case study for pocket milling for the
developed smarter cutting parameters selection
integration system is then used for verification. Section 5
discusses results followed by conclusions.

SLD and Related Works

Stability lobe diagrams have emerged as a popular
reference for determining the cut depth and spindle
speed for the generation of stable and chatter free tool
paths. The idea of SLD can be traced back to Tobias and
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Fishwick [2], who noted that a machine tool’s cutting
stability is closely related to its spindle speed. Budak and
Altintas drew an SLD based on an analytic formula for
milling machining chatter stability. This formulation was
also used to predict a chatter stability zone for milling
machining, allowing for the maximization of the material
removal rate (MRR) and machining efficiency, while
preventing chatter. Furthermore, average cutting force
was used alongside and cutting force coefficients as the
basis to solve the axial limit cut depth and related spindle
speed. This methodology was then extended for stability
analysis of face tool milling, ball-end tool milling, and
other special purpose tool milling. [3, 4] Chatter free
cutting could also be achieved through monitoring audio
signals [5], thus increasing milling efficiency and
shortening machining time. Heidenhain developed an
“Active Chatter Control (ACC)” [6] technique to inhibit
chatter and enhance cutting efficiency for three- to
five-axis milling machines, along with mill-turn machines.

Chatter can cause vibrations between the cutter
and the work-piece, producing chatter marks on the
work-piece surface which can both degrade surface
quality and accelerate tool wear, generate noise and
reduce machine tool lifespan. In the example shown in
Figure 3 [7], the main cause of chatter is the last flute
vibration mark having a 180 degree phase difference
from the next flute.

Many studies have investigated cutting parameter
optimization through chatter avoidance [8, 9, 10, 11, 12]
based on dynamic simulations and force models [13]. For
example, Wu and Chang [9] used Unigraphics (UG)
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CAD/CAM to generate tool paths and conduct real
cutting experiments, and analyzed resulting errors based
on the measured results from a CMM (Coordinate
measurement machine). The Taguchi method was
adopted to reduce geometry errors. However, it seems
that these methodologies have not been integrated into
CAD/CAM systems.

NO VIBRATION

1

FORCED VIBRATION CHATTER VIBRATION
e=0

ex0

« No vibration « In phase waves « Out of phase waves
« Constant chip load « Unstable chatter
« Forced vibrations vibrations
« No chatter
In phase
Current Pass
ANAANAA

Previous Pass

Out phase 180
Current Pass

Nl ONSNSNSONS S

INSNLONLNSNS
Previous Pass

Fig. 3. Chatter marks [7].

Figure 4 shows a classic operation flow diagram
using CAD/CAM [14], using UG CAD/CAM [15] as an
example. However, the “Setup/Adjust the cutting
parameters” step in Fig. 4 is commonly determined by a
CAD/CAM user/engineer. Other CAD/CAM systems such
as CATIA [16], Mastercam [17], and hyperMill [18] use
similar operation flow diagrams. Therefore, a smarter
CAD/CAM system for pocket milling is proposed and
developed to provide users with more objective cutting
parameter information.

Realization of the Developed System

Figure 5 shows the operation flow chart of the
developed CAD/CAM system. Machine tool, material,
and tool databases can be integrated into the proposed
system in both “Data eXchange Format” (AutoCAD DXF)
[19] and STL (STereolithograph) file [20]. An STL file
could be segmented to create the sectional profiles for
the pocket contours including islands. Basic 2D geometry
construction functions are also included to draw pocket
contours, including “Line”, “Arc”, “Polyline”, “Fillet”, and
“Chamfer”. Tool path generation methods include
“Pocket Milling” that can generate three-axis pocket
milling tool paths with and without islands.

A material database contains the characteristic
properties related to cutting a particular metal (e.g.,
aluminum alloy Al-6061-T6 and Al-7075-T6) such as
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r—"
Setup/Adjust
—> the cutting [
parameters
exists? v
YES NO Generate
Open a new file and tool path
Enter the modeling
mode Verify tool path by
Cutting Simulation

Model Design
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CAD file
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OK?
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Create program PFO% ram
¥ Transmit NC
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Setup cutters controller

and parameters

Machining
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Coordinate System
(MCS), Part geometry,
and Work-piece

v

Setup the machining
methods and operation
sequences

Successful?

Fig. 4. UG NX CAD/CAM operation flow diagram.

cutting force coefficients. Work-piece geometry could
also be defined by the user in both rectangular shapes
(requiring width, depth, and height data) and cylindrical
shapes (requiring diameter and length).

A tool database contains flat-end, ball-end, and
fillet-end cutter geometry definitions, as shown in Figure
6. A flat-end tool could be defined in terms of tool flute
diameter, flute length, helix angle, and total tool length; a
fillet-end tool definition requires a corner radius. Cutting
parameters include depth of cut, feed rate (i.e., approach,
retract, cutting, and rapid movement feed rates), spindle
speed, and radial width per cut. A machine tool database
is comprised of machine configurations and SLD.

As shown in Fig. 2, an SLD depicts the relationship
between depth of cut (limiting depth to avoid chatter)
and spindle speed. The limiting depth of cut b_lim can be
calculated from Egs. (5) - (8). Re[FRFy ient] is the real
part of the oriented frequency response function
FRF, ient, While Im[FRF,,;.n:] is the imaginary part
of the oriented frequency response function; @, isthe
start angle of the cut while @,, is the exit angle. The

AUSMT Vol. 8 No. 2 (2018)
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force produced by the cutting operation is proportional
to the frontal area of the chip through the cutting
stiffness coefficient - Kj.

-1

biim = 2KsRe[FRF grigntIN; ®
* Dex—9
Ny = S (©)
Nt
e =
Lo=N+ s )

Re[FRForient]

— _ -1
€= 2m 2tan (Im[FRFOTient]

Where,

bjim: Limiting chip width (depth of cut) to avoid chatter

S: Spindle Speed

N, : Number of flutes of the tool (cutter)

N{: Average number of teeth in the cut

fo: Chatter frequency

N: Integer number of waves of vibration imprinted on
the work-piece surface in one revolution

&: Phase shift angle between current and previous tool
vibrations:

K: Cutting stiffness

Import 2D Import 3D
geometry | Build/Import | geometry
such as CAD geometry such as

DXF file STL file

| Select Cutting strategy |

Select work-
piece material

Select Tool

Setup cutting
parameters
Depth of Cut,
Spindle Speed,
Feed rate, etc.

< >

Tool
Database

Material
Database

Generate Pocket
Milling Tool path

Tool path OK?

No

Yes
A 4
Output Cutter

Machirie Tool Location File

Database (CLF)

Such as -»| Post-processing
Configuration,

Mechanism, Generate
SLD, etc. NC Program End

Fig. 5. Flow chart of the proposed system.
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Fig. 6. Fillet-end, ball-end, and flat-end cutter geometry.

The cutting stiffness is related to the cutting force
coefficients that can be obtained from a cutting test (see
Fig. 7). However, this research used Cutpro® analysis
software to obtain six cutting force coefficients according
to the collected three-axis forces from the cutting test.
Three-axis cutting forces F,, F,, F, could then be
calculated via Eq. (9) from the cutting force coefficients.
Cutpro® was also used to establish the SLD database.

Select a
Machine Tool

v

‘ Select Material ‘

v

‘ Select Tool ‘

v
Plan the cutting
parameters for stable
cutting

v

Setup work-piece
and Dynamometer

v

Conduct cutting test and
measure three-axis forces

v

Collect and store three-axis
cutting force data vs. time

Tool makers
technical
manual

End

Fig. 7 Flow chart of cutting test.

Figure 8 shows the procedure for obtaining an SLD.
Figure 9 shows a single-axis accelerometer (Kistler Type
8778A500M14sp) attached to the cutter, while Fig. 10
shows the hammer (Kistler 9722A2000) and data
acquisition device (National Instruments High Speed USB
Carrier — USB 9162). The adopted flat-end milling cutter
has a diameter of 10mm, the referenced work-piece
material is Aluminum AL-6061-T6, and the machine tool
used is an NXV 560A milling machine tool manufactured
by Yeong Chin Machinery Industries Co., Ltd. [21]. Figure
11 shows SLD for slot machining generated by Cutpro®.
[22] The SLD was outputted as an ASCIl text file and
stored in the SLD Database, as shown in Fig. 8.

AUSMT Vol. 8 No. 2 (2018)
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Database Cutpro
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Fig. 8. Flow chart for obtaining SLD via Cutpro®,

Case Study of the Developed System

To effectiveness of the proposed approach is
verified on a pocket milling system. Figure 12 shows the
graphical user interface (GUI) of the developed system
where the offset profiles of a flame-shaped contour have
been created and depicted in magenta.

Fig. 9. Accelerometer attached to cutter.
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Fig. 10. Hammer and data acquisition device.

The stored SLD data is integrated with the
developed pocket milling CAD/CAM and can be
redisplayed, as shown in Fig. 13. The limiting depth of
cut by, is about 0.52mm. A two-headed pocket
geometry, as shown in Fig. 14, was used as a case study
for the creation of a five-layer pocket milling tool path.

The proposed cutting parameter selection
function is implemented and integrated according to
the limiting depth of cut - by, . That is to say,
regardless of the spindle speed, no chatter occurs once
the depth of cut is smaller than by;,,,. For example, the
chatter-free axial depth of cut could be 0.55 if the
spindle speed is 4000 rpm, as shown by the green point
at the middle right of Fig. 13.

Therefore, the depth of cut from the first to the
fourth layer was set to the limiting layer 0.52mm, while
that the fifth layer was 0.4mm. As shown in Fig. 15, the
generated pocket tool path has five layers. The tool
path can be simulated in a wire frame, as shown in Fig.
16, with a solid cutting simulation shown in Fig. 17. The
program zero origin could be assigned, as shown in Fig.
18, and Fig. 19 shows the post-processed NC program.

Conclusion

This research successfully integrates stability lobe
diagram (SLD) information into a pocket milling
CAD/CAM system. Depth of cut assignment for pocket
milling tool path generation can reference an SLD created
via Cutpro® based on a tapping test of the spindle speed.
This creates a means of assigning objective settings for
the depth of cut and spindle speed which heretofore rely
subjective interpretation of tool maker’s technical
manuals or machine tool operator experience. A case
study implementation successfully demonstrates the
effectiveness of the proposed integration method, but
further studies using additional SLDs in the SLD database,
along with a wider range of materials, cutting tools, and
cutting strategies should be conducted to extend the
application of the proposed methodology. Integration of
the SLD with existing CAD/CAM systems is also

AUSMT Vol. 8 No. 2 (2018)
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achievable through third-party software development (API). Future work will also explore and integrate cutting
kits (SDK) and/or application programming interfaces force calculations for the estimation of tool deflection.

Stability Lobes (Analytical)
0.700

0.560

0.420

0.280

Depth of Cut [mm]

0.140

0.000
0 1,000 2,000 3,000 4,000 5,000
Spindle Speed [rev/min]
Fig. 11. SLD for slot machining displayed by Cutpro®.
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Fig. 13. SLD for slot machining displayed by the developed pocket
milling CAD/CAM. Fig. 14. Two-headed contour used in the case study.
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Fig. 15. System GUI.
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