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Abstract

Milling is used to manufacture a wide variety of metal parts, from simple to complex geome-
tries, in small or large volumes. The requirements for these parts usually necessitate that the mill-
ing operation is accurate, but also the production rate must be as high as possible. These two
requirements, which appear conflicting as first, are met if the milling operation is well planned.
While NC programming is still based in many industries on past experience and practical knowl-
edge, research in the areas of cutting mechanics, modelling and simulation are gradually changing
the manufacturing practices.

This thesis investigates Virtual Milling, which is the integration of milling simulation and
CAD/CAM capabilities. Available milling simulation systems can simulate the process for one
set of cutting conditions. The objective with Virtual Milling is to not only simulate the milling
operation for the whole NC program, but also to integrate features such as feedrate scheduling.

A milling simulation for the whole part was developed based on the analytical closed-loop
milling model presented by Spence[36]. The input to the simulation is the cutter-workpiece inter-
sections along the tool path. The simulation results include force, torque and power, and deflec-
tion along the tool path.

The second part of this thesis is the implementation of a Virtual Milling framework. The first
step is the selection of cufting conditions which is done during the NC programming. CAD/CAM
software do not provide tools to select appropriate cutting conditions, therefore we established the
requirements for such a tool using stability lobe theory. An interface was implemented in a com-
mercial CAD/CAM software to demonstrate this. The milling simulation is then used to identify
critical locations along the tool path, and it is also used to perform feedrate scheduling. Two oft-
line approaches for feedrate scheduling were implemented, constraint-based feedrate scheduling

and off-line adaptive force control, and evaluated to see if their use would lead to improved

ii



machining accuracy, better control of cutting forces, and improved machining time. Cutting tests
were conducted and these approaches were also compared to an existing online adaptive force

control.
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Chapter 1

Introduction

Milling is widely used by companies in the aerospace, automotive and mold and die indus-
tries. It is used to produce parts with simple or complex shapes as accurately as possible, in small
or large volumes, and to remove material as rapidly as possible while maintaining tool and
machine integrity. The milling tool path is created using CAD/CAM software. Common manu-
facturing practices in NC programming are usually based on the programmer’s knowledge and
experience, and tool proofing is done using trial and error methods. Over the last decades though,
research in the area of milling has produced significant advancements in metal cutting mechanics,
dynamics, modelling and simulation of the process. These projects are now being introduced in
the industry and engineering practices are changing gradually.

Modelling and simulation of the milling process provide tools to evaluate and improve the
selection of cutting parameters and the milling operation. Simulations include cutting forces, tool
deflections, torque and power requirements, and chatter vibration stability check. On the other
hand, the current milling process simulation systems process one set of specific cutting conditions
at a time.

The objective of Virtual Milling is therefore to integrate in one system, milling process simu-
lation and CAD/CAM, offering the possibility to not only simulate the milling process for one set
of cutting conditions, but for the whole NC program. It offers several advantages to single cutting
condition milling simulation. It allows the identification of critical locations on the part which
require special attention in the NC programming. Also, it permits feedrate scheduling for the

whole part and for various machining constraints, increasing machine performance, improving



machining cycle time and producing quality parts. It will also help to reduce the tool proofing
time required before starting production. This time should be greatly reduced or eliminated.

This thesis studies the development of a Virtual Milling application for 2 1/2 D parts, includ-
ing the milling simulation and feedrate scheduling. The thesis outline is as follows.

Chapter 2 is the literature review conducted in the areas of modelling of milling forces and
Virtual Milling. The milling models developed to simulate cutting forces are first introduced.
Research projects in the area of Virtual Milling are presented and the research objectives are
stated.

Chapter 3 defines the milling process and describes in more details the analytical closed-loop
milling force model used in the milling simulation. There are many constraints that limit the
machining of metals, and milling simulation is relevant in this context. Two approaches for
deflection calculations are presented. Cutting experiments were done to validate the models.

Chapter 4 presents the implementation of the Virtual Milling application. A new interface
was developed and integrated in a CAD/CAM software for the selection of stable cutting condi-
tions. Feedrate scheduling is then investigated. Two approaches were implemented in the scheme
of the Virtual Milling application and they were compared with an existing online adaptive force
control algorithm.

Conclusions and summary of the results are presented in chapter 5.



Chapter 2

Literature Review

2.1. Overview

Milling is one of the mostly used metal cutting process . In order to understand the physics of
the process and increase its efficiency, many research projects have focused on cutting mechanics,
modelling and simulation of the milling process. Virtual simulation of the process, i.e, Virtual
Millling, is based on the integration in one system of milling process simulation and CAD/CAM
capabilities to extract geometric information from the part model and the toolpath. First, the
major contributions in the area of modelling of milling forces are presented. Then, past and cur-
rent research in the area of Virtual Milling is covered. Finally, the research objectives of this

project are formulated.

2.2. Modelling of Milling Forces

This section covers the modelling of milling forces. First, orthogonal and oblique cutting are

introduced, then the two main force models and two approaches to identify cutting coefficients

are described.

2.2.1. Orthogonal Cutting and Oblique Cutting

The cutting operations are divided into two types of operations: orthogonal cutting and

oblique cutting. In orthogonal cutting, the straight cutting edge is perpendicular to the relative



motion of the tool with respect to the workpiece and two forces are generated on the cutting edge:
feed force and tangential force. In the case of oblique cutting, the relative velocity of the work-
piece is not perpendicular to the cutting edge anymore. For the milling operation, which falls into
the category of oblique cutting, the inclination angle is equal to the helix angle of the cutter.
Oblique cutting will produce 3 components of forces identified as tangential, radial and axial
forces. It will be shown later that assumptions from the classical oblique cutting model can be

used to simplify the calculations of cutting coefficients for milling using an orthogonal cutting

database [18].

2.2.2. Cutting Force Models

Many research works have focused on the understanding of the force generation during the
milling operation. The relationship between the uncut chip thickness and milling force was first
reported by Koenigsberger and Sabberwal [29][34]. In this thesis, the main models based on the
uncut chip thickness, average chip thickness model [42] and linear edge force model [11][42][46],

are presented.

Average Chip Thickness Model

The average chip thickness model [42] relates the uncut chip thickness 4 to the cutting forces
through the use of cutting coefficients. A force diagram is shown on figure 2.1. For an elemental
slice of the milling tool at height z and for a specific cutting tooth j, the tangential dF; j(¢,z) and

radial dF', (¢,z) force components are given as :
dF, (¢,2) = K, hj($,2) - dz (2.1)

dF,,j((I), z) =K, hj(q), 7)-dz (2.2)



where 7;(9,z) is given by:

hi(9,2) = s,sin¢;(2) (2.3)

and where the angular position of tooth j at the height z, ¢;(z) is [36]:

tany

e

0,(2) = 0 +jo,— Lz 2.4)

¢ being the angular position of the reference tooth, s, : the feed per tooth, ¢, : the tooth angu-
lar spacing or pitch angle, y : the helix angle and r,. : the cutter radius. The cutting coefficients K,
and K, are obtained by experiments and we will present two ways of identifying those coefficients
in section 2.2.3. For a specific angular position ¢ of the tool, the total forces F, and F, are
obtained by summing the elemental forces for all the teeth along the z axis, considering the sec-

tions of the cutting edges that are in cut.

| Feed

Figure 2.1 : Milling process - Force diagram.




Linear Edge Force Model

The average chip thickness model was improved by the addition of the edge force compo-
nents following the work of Tlusty and MacNeil [42], Yellowley [46] and Armarego '[11][13].
The edge force components represent the contact of the flank face of the tooth on the machined
surface during the milling operation. The cutting coefficients K, and K,, are added to the equa-

tions and the force model is given by Armarego [11] as :

dF, (0,27) = (K.~ h(0,2) +K,,)dz (2.5)

dF, (9,2) = (K, hi(0,2) + K, )dz (2.6)

The linear edge force model will be used in this project for the milling simulation.

2.2.3. Identification of Cutting Coefficients

Cutting coefficients can be identified using two approaches. The first approach is called
mechanistic model. This approach consists in conducting a series of cutting tests on a milling
machine with the milling tool for a same immersion condition but at several feedrates. Using lin-
ear regression on the experimental data, the cutting coefficients are identified, K,. and K, being
the slope of the corresponding linear regression curves and K,, and K,, the ordinates. This
approach yields cutting coefficients which are specific to the cutting tool and the workpiece mate-
rial [18].

The other approach relies on the orthogonal to oblique transformation proposed by Armarego
[12]. Orthogonal cutting tests are first performed on a lathe with a series of inserts of different
rake angles for several cutting speeds and feedrates. The cutting forces F, and F, are measured

with a dynamometer and functions are statistically determined to represent shear stress, shear



angle and friction angle respectively, considering as well tool geometry and cutting conditions.
The orthogonal to oblique cutting transformation is then used to calculate the cutting coefficients.

The first approach, mechanistic model, is useful and fast to identify cutting coefficients that
are specific to one combination tool-workpiece material. On the other hand, in the case of multi-
ple end mills used for the same material, the second approach will require more time for experi-

ments but will produce a database that is suitable for all the end mills.
2.3. Virtual Milling

Available NC machining modules in CAD/CAM systems offer a wide selection of options to
create complex tool paths. On the other hand, the selection of cutting conditions is left to the pro-
grammer, which specifies the cutting conditions according to his knowledge, his experience as
well as machining data available in handbooks. Current CAD/CAM software systems do not
model the machining process physics and do not provide tools to select appropriate cutting condi-
tions in respect to the tool, cutting geometry, tool and workpiece materials, and machine tool lim-
itations.

Milling process simulation is used to select stable cutting conditions. Tool geometry, work-
piece material, cutting geometry, and dynamic parameters of the tool-machine system as well as
the workpiece, are required to simulate the milling operation. When using a software like CutPro
[10], developed in the Manufacturing Automation Laboratory at the University of British Colum-
bia, the user is able to simulate cutting forces, torque and power requirements, tool vibrations and
dimensional surface finish. A chart of the axial depth of cut as a function of the spindle speed can
also be obtained for a specific width of cut, i.e. stability lobes, which provide the user with a
graph of stable cutting conditions to choose from. This is generated for a specific set of cutting
geometry, not for the whole part. The objective of Virtual Milling is therefore to simulate the pro-

cess for the whole part, as well as to optimize the cutting conditions.
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One of the first groups to work on a system that is aimed at simulating the milling process is
Takata et al.[44] at the Osaka University. Their milling simulation system is based on an applica-
tion interacting with a solid modeller. The geometric information required by the milling simula-
tion is extracted from the solid modeller and the tool-workpiece intersections are calculated using
the Z-buffer approach. Then, a discrete mechanistic model is used for force calculations and the
elemental forces are computed along the edges of the tool and summed up. Tool displacements
and regenerative effect are also considered in the calculation of the uncut chip thickness.

Their simulation system is used for both the prediction of cutting forces along the tool path as
well as for the prediction of chatter vibrations. For chatter prediction, a simplified stability crite-
rion proposed by Merrit [32] is used first. If this criterion is met, then the current case is stable
and further calculations are not necessary. Otherwise, numerical simulations are performed and
the occurence of chatter is identified by changes in cutting forces or tool displacements over sev-
eral revolutions of the tool. However, as stated by the authors then, the simulation time is too
long to be used in a practical application. In addition, Merrit’s stability criterion is not suitable to
use in milling since it is based on.single point machining models.

Altintas and Spence [2][36][38] worked on a solid modeller based milling simulation system
for 2 1/2 D workpiece. In this system, the workpiece is modelled using Constructive Solid Geom-
etry (CSG) solid modelling. In order to calculate the static cutting forces as well as torque, power
and tool deflections, a pre-processing step is done in which a semi-circular arc is swept in the feed
direction and intersected with the part geometry in order to calculate the entry and exit angles of
the cutter. With the immersion conditions, the cutting forces are calculated using an analytic
closed form solution. Therefore, digital integration along the z axis is not necessary. The advan-
tage of this method is a reduced computation time compared to methods using discretization of
the tool along the z axis. The milling simulation also includes feedrate scheduling which is per-

formed based on constraints such as maximum force, maximum power and torque, maximum tool




deflection and maximum chip load. This simulation system was developed for straigth paths and
for cylindrical end mills only.

Altintas and Spence also developed a CAD assisted adaptive control [37]. This adaptive
force control helps prevent force overshoots by feeding information to the controller ahead of
time regarding sudden geometry changes so that the controller adjusts the feed before its actual
occurrence. The algorithm uses an adaptive pole placement approabh to maintain the peak cutting
force to a reference force level. Experimental results showed that force overshoots were elimi-
nated.

Spence [35] continued research in the area of milling process simulation and developed an
application based on the ACIS Solid Modeler Kernel. The application is now based on B-Rep
modelling. While the Z-buffer method offers advantages such as simplicity, robustness, relatively
high computational time, the author suggests that Z-buffer approach is better fit to applications
such as visual inspection of NC tool paths for collisions and for feedrate scheduling based on
material removal rate. On the other hand, the B-Rep approach is more exact for calculations of
tool-workpiece intersection, but the computational time is longer. Therefore, Spence et al. [39]
worked on implementing methods to increase the computational speed of the B-Rep approach.
They focused on parallel processing implementations, using round robin parallel processing, dual
CPU, networked solutions and neighbor groups. The latter reduces the Boolean subtraction time
through grouping of related primitives and gives better results than the round robin approach.
They also worked on on-line monitoring and control of the milling process [35]. A new concept
was also introduced : departure paths. The use of departure paths provides a way to remove the
tool smoothly from the workpiece without leaving dwell marks on the part if the cutting condi-
tions are generating high cutting forces and the controller is not able to adjust the feedrate accord-
ingly. Once the tool is moved away from the part, the toolpath is reinitiated with appropriate

cutting conditions.



Another group of researchers, Fussell and Jerard, also developed a milling process simulation
system to optimize feedrates for 3-axis milling of sculptured surfaces using ball end
mills[23][24][26]{33]. They used a combination of off-line feedrate optimization schemes with
on-line adaptive force control to maintain a peak force during end milling for safe, accurate and
efficient machining. The feedrate optimization is based on constraints such as machine power,
shank failure, tooth failure and surface finish. The addition of adaptive force control is to ensure
that force overshoots are avoided. Also, the authors suggest that this approach will compensate
for the inaccuracies caused by variations in the force prediction model or occurences that can not
be predicted due to variations in material, tool condition, cooling fluid, tool runout, etc... Their
system is also based on a Z-buffer representation of the geometric model for the tool-workpiece
intersection calculations. The cutting force model is a discrete mechanistic model.

They tested two types of controllers : a division controller and an adjustable PI controller.
Both controllers give better results than the use of off-line feedrate optimization only, but the
adjustable PI controller is slower than the division controller. In average, for roughing, semi-fin-
ishing and finishing, the experimental results using the combination of off-line optimization and
on-line control show a decrease in cutting times by about 15% when compared to cutting times
obtained from "standard practice” NC toolpaths. However, on a practical point of view, the sys-
tem used for on-line control includes a dynamometer. Dynamometers as well as many sensors are

adequate for laboratory experiments, but they can not be used as is in an industrial context.

2.4. Research Focus

This project focuses on the simulation of the milling process for the whole part. Static cutting
forces, torque and power, deflections are calculated all along the tool path. In order to do so, the
intersection between the tool and workpiece, specified by entry and exit angles, is required. This

is obtained from another application developed in the Manufacturing Automation Laboratory.

10




The second objective is to develop an interface to suggest the selection of stable cutting con-
ditions at the level of the NC programming, i.e. in the CAD/CAM software. With the specifica-
tions of the workpiece material, width of cut, frequency response functions of the tool, stability
lobes are generated. The NC programmer can therefore select appropriate cutting conditions for
the milling operation.

The last part of this project consists in feedrate scheduling. Two approaches have been used,
constraint-based feedrate scheduling and offline virtual adaptive force control. The latter
approach was developed in a previous research project. These 2 approaches are compared with

online adaptive generalized predictive control [3][9].

11
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Chapter 3
Modelling of the Milling Process

3.1. Overview

The objectives of machining are to produce parts as accurately as possible in order to obtain
the right geometry and to meet the specified part tolerances, but also on an economical aspect to
remove excess material as rapidly as possible while avoiding damages to the cutting tool and the
machine tool. To control the process, it is important to have the capabilities to simulate and con-
trol cutting forces, tool deflections, and torque and power requirements. Understanding the influ-
ence of the cutting parameters and the cutting geometry is also relevant in order to improve and
optimize the milling operations. As an example, increasing the cutter immersion or the depth of
cut may result in force overshoots and eventually in tool breakage. The prediction and avoidance
of such occurences using milling simulation will help improve the milling process.

The following sections present the models used in the milling simulaﬁon. First, the milling
operation is described. Second, constraints in the machining of metals are discussed as these are
the reasons why milling simulation is relevant. Then, the basic concepts behind the calculations
of tool-workpiece intersections required for the milling simulation are given. Following, the lin-
ear edge force model in an analytical closed-loop from is presented in more details. Then, two

approaches for deflection calculations are stated. Finally, experiments were conducted to validate

the models and the results are shown.




3.2. Milling Process

Milling is an intermittent cutting process. The cutter teeth are successively entering and exit-
ing the workpiece and generating the finished surface at a direction normal to the feed. The work-
piece is fed towards a rotating tool with a linear feed speed. In many milling machine
configurations, the workpiece is mounted on a table moved by feed drives while the cutting tool is

mounted in the stationary spindle shaft which rotates using the spindle motor.

Rotational speed (#/

Feed
direction |

Workpiece

Figure 3.1 : Milling process.
Source : Manufacturing Automation, Altintas [9].

The programmed feedrate is relatively small compared to the spindle speed. Therefore, the
assumption formulated by Martellotti [30] can be used : it states that the trochoidal path followed
by the cutting teeth can be approximated as a circular motion. This commonly used assumption

leads to the following equation for the chip thickness:

h(9) = s,sin¢ (3.1)

13



Milling can be divided into two types of operations: face milling and peripheral milling. In
face milling, the tool diameter is usually larger than the width of cut and the axial depth of cut is
relatively small. Face mills are usually large tools with milling inserts. In peripheral milling, the
cutting tool is smaller and the flank and tip of the tool are simultaneously used to remove material.
There are several types of cutting tools for peripheral milling: cylindrical end mills, with or with-
out a corner radius, tapered end mills, ball end mills, etc. Peripheral milling can also be divided in
end milling and flank milling. It is used to machine pockets, slots, sculptured surfaces, etc.

Peripheral milling operations can also be divided into downmilling and upmilling. Figure 3.2
illustrates these 2 methods. The difference is in the way the chip is generated. In upmilling, the
chip thickness is zero when the cutting tooth enters the material and it increases as the tool rotates.
In downmilling, the chip thickness is the greatest when the cutting tooth enters the material and it

becomes zero as it leaves the workpiece.

Upmilling Downmilling

Figure 3.2 : Upmilling and downmilling.

Figure 3.3 shows a section of the cutting tool during a milling operation. As the cutting tool
rotates, forces will vary in regards to the immersion of the cutting tooth and as a function of the

chip thickness, axial depth of cut and the material properties. As mentioned earlier, the path of

14




each cutting tooth is often approximated as 2(¢) = s, - sin¢. In this work, we will use this equa-
tion for the chip thickness as it is sufficient for static cutting force calculations and for process
planning purposes.

Cutting forces as shown on figure 3.3 are present all along the cutting edges which are in cut.
Figure 3.4 shows the distribution of cutting forces along the cutting edges of an end mill. This
distribution is a function of the cutting geometry, i.e. the axial and radial depths of cut, as well as
the cutter geometry, i.e. the helix angle, cutter radius, and specific cutter geometry such as taper
angle. The resultant tangential force, as well as the resultant planar force and the X, Y and Z

forces are obtained by summing all the force components along the cutting edges.

Figure 3.3 : Milling process - Force diagram.

15




0(z)=9+jp —kz

Figure 3.4 : Cutting forces along end mill.

3.3. Constraints

There are limitations to the milling process. The selection of cutting conditions has to be

done considering the following constraints.

Machine tool dependent constraints

The spindle drives have limited capacity in terms of torque and power. It is therefore essen-

tial to check that the maximum torque and power do not exceed the spindle specifications.
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Tool and workpiece dependent constraints

The chip load must not exceed the principal tensile stress in the cutting wedge beyond the
ultimate tensile strength of the tool material. Also, the maximum static deflections left on the fin-
ished surface must be within the tolerance of the workpiece. Finally, the maximum resultant cut-

ting force must be kept safely below a limit value to prevent fracture of the shank

3.4. Cutting tool - Workpiece Intersection

The cutting tool-workpiece intersection is the first step in the calculation of static cutting
forces using the analytical model developed by Spence [36]. The geometry of helical end mills is
first explained. Then, the intersection cases encountered during the milling operation are illus-
trated. In the last section, we discuss the calculation of the cutting tool - workpiece intersection

and the calculation of entry and exit angles.

3.4.1. Helical End Mills

For helical end mills as shown on figure 3.4, the helix angle is such that the tooth engagement
changes along the tool axis. The intersection of a given disk element along the z axis must be cal-
culated. Therefore, the exact position of this disk element for each flute can be calculated. If we

start with the bottom end points of the flutes, their positions are given by [36] :

0;(0) = 0 +Jjo, forj=0,1,2,...N-1 4.1)
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where N is the number of teeth and ¢, = (2m)/N is the pitch angle. Then, at an axial depth

of cut z for an elemental disk element, the position of tooth j is given by:

0,(z) = 0+jO.— k2 for j=0,1,2,...N -1 4.2)

As seen in the equation, in the case of end mills, the helix angle needs to be considered and

the angular position along the z axis will vary with k,, the lag angle. Therefore, k,, is defined as:

¢ = tanf (4.3)

c

where  is the helix angle and r,. the tool radius.

Figure 3.5 : Geometry of a helical end mill.
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3.4.2. Intersection Cases

During the milling operation, as the cutting tool is rotating, each tooth engagement changes.
The engagement of an elemental disk along a tooth will depend on the z position, the helix angle
and the geometry of the workpiece.

There are five possible intersection cases, as identified by Spence [36]. Figure 3.6 illustrates
these cases. As an example, the surface defined by the axial depth of cut a and between the entry
angle 0, and the exit angle ¢, is the developed surface of a cut section of the workpiece shown in
figure 3.6 and defined by ¢ ¢ and ¢¢x o. On the graph, each line represents a possible intersection
between a cutting edge and the workpiece. It is necessary to mention that these lines can not
belong to the same cutting tool. In fact, the inclination of the cutting edges would all be the same
as the helix angle is constant. Therefore, these lines would belong to different tools with different

tool geometries.

ZA
a - - (95t 0-%ex.0)
' Z [(ost,1.%ex,1)
] ~
[asx.z.oex,z)
= 2N ‘ a
<v"; o
r
0 V¢ Source : Spence [36].
\ \l \

Figure 3.6 : Intersection cases and example of entry and exit angles.




As the tool rotates the cutting edge intersection case with the surface will change. Case 4
represents all the cases where cutting edges are out of cut. The identification of the intersection
cases at each rotation of the cutting tool will be essential to calculate the geometric constants

required for the cutting forces calculations.

3.4.3. Calculation of Entry and Exit Angles

The calculation of entry and exit angles is performed assuming the cutting tool geometry is a
cylinder. The output will be a set of entry and exit angles. Figure 3.7 shows an example of entry
and exit angles. In end milling, in most operations there is one in cut section, but it can occur that
there are multiple engagements.

For the case of downmilling, the entry angle will be ¢, depending on the workpiece geome-
try, and the exit angle will be 7. For the case of upmilling, the entry angle is 0 and the exit angle
is ¢.y, again depending on the workpiece geometry. In the case of slotting, the entry angle is O

and the exit angle is .
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Figure 3.7 : Calculation of entry and exit angles.

3.5. Linear Edge Force Model - Analytical Closed-Loop Form

The linear edge force model was introduced in chapter 2. This model incorporates force
components generated by the action of the chip on the rake face of the tool and the rubbing of the
flank face on the new machined surface. As mentioned, the tangential, radial and axial force com-

ponents are given as [36]:
dF,,j((I), 7) = (Kpe- hj(Q), z) + Kyp)dz
dFr’j(q): Z) = (KRC . h](q): Z) + KRE)dZ

dFa,j(q)’ Z) = (KAC : hj(d), Z) + KAE)dZ

where ¢; = ¢ + /0, kyz.




The equations are usually solved using integration along the z axis which translates in discret-
ization in the z direction. In terms of computation time, this is a time consuming operation. For
flat end mills, Spence [36] proposed to solve these equations as a closed-loop analytical force
model. This approach has the advantage of eliminating the need to compute the forces along the z
axis. Instead, the integration of the force components results in equations consisting of geometric
terms and these terms are represented as geometric constants calculated for each specific position
of the tool and are dependent on the intersection cases, as we will see later.

To obtain the forces in the machine directions, x, y and z, the force components are projected

[36] :
dF, (9,(z)) = —dF, jcos9,(z) - dF, ;sin¢(z) (3.4)
dF, (6,(2)) = dF, ;sin;(z) - dF, ;cos$;(z) (3.5)
dF, (05(2)) = dF, (0,(2)) (3.6)

The cutting force components resulting from the intersection of a flute with a surface are

obtained by integrating between the boundaries ¢, ;, and : These limits for each case are

e
[(36]:

Case 0 : zj) = 0 2 = @
Casel: z;;; = 0 ;5 = (17ky) [0 +jO,— 0]

Case2: Zijl = (1/kw)[¢ +j¢c_¢exi] Zijza =a

Case3: z;; = (1/k)[0+j0, 0,0 2o = (17k,)[0+jd, —0,,]

Case 4 : flute j is not cutting face i.
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F(—(l)K Korosind, + L [Kro[20, — sin26,] — Ko cos2
Y, ij 0) = T |:— TEcos¢j— REsmq)j+4[ rcl ¢j—sm ¢j]— RCCOS (I)j]]

Integrating
— i j,2
Fyij0) = [2dF, ; (0)de
—_ i j, 2
Fy i (0) = [2dF, ; (9)dz
F, . /(0) = szdez i, j(0)dz

The analytical force equations become :

Zij2

1 . s .
F, ;(0) = k—[KTEsmq)j—KREcosq)j+Z’[KRC[2¢j—sm2¢j]—KTCCOSZq)j]:‘
v

Zij1

Zij2

v Zij1

1 k4T
Fz, ,'j((l)) = H’[KACSICOS(PJ' - KAEq)j] IZ;T

Replacing ¢; in equations 3.10, 3.11 and 3.12 ,we can rewrite these equations :

Zij2
1 S
Fx, ij(q)) = k_[KTESij - KREUij + Z[KRCTij - KTCRij]]
v Zij1
! s Zij2
!
Fy, () = (—k_) [‘KTEUij ~ KggSij+ 7 1KrcT;— KRCRij]}
Y Zij1

1 Zyj
Fz, ,-j(d)) = ];—[KACstUij - KAE¢jZij] IZT
v Y

where
Rij = coqu)j
Sij = sing;
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(3.8)

(3.9)

(3.10)

(3.11)

(3.12)

(3.13)

(3.14)

(3.15)




The total forces are obtained by summing for all surfaces and all teeth :

The planar resultant force is obtained using the equation:

F . (9) = ZZF)‘: ij
@) = S F,
FZ((D) = ZZFZ: ij

F(o) = (FA@) +F A0

3.5.1. Geometric Constants

(3.16)

(3.17)

(3.18)

(3.19)

Referring to figure 3.6, there are 5 possible intersection cases. The integration boundaries are

Zjj1 and Zija - For each intersection case, the geometric constants are defined as [2][36] :

Case0: z,, =0z = a

Pij = cos(¢ +j¢c—kwa)

Q; = cos(d+]0,)

R;; = cos2( +jo, - kya)—cos2(d +jo.)
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S;; = sin(¢ +jo,—k,a) —sin(¢ +jo,)

T; = sin2(¢ +j0,) - (2k,a + sin2(0 +jo, - k,a))
Uij = cos(¢ +j¢c—kwa)—cos(¢ +Jjo.)

Z.=a

)

Casel: z;; = 0 z;, = (1/k)[0+)0.— 0]

P,'j = cos0,;
Q;; = cos(9+jo,)
R;; = cos2¢y,;— cos2(¢ +j¢.)

Sy = sing,; —sin(¢ +j9,)

Tij sin2(¢ +jo.) — (2(0 +jo.~0,,;) +sin2¢,;)

d
n

j = Cosd,;—cos(d+jo,)

Z; = (1/ky) (9 +jo.—0g)

Case2: z;; = (1/k )0 +jo. - 0,1 200 = a
P; = cos(¢+j0,—kya)

Qij = Cosq)exi
R; = cos2(¢ +jo,—k,a)—cos2d

exi

S = sin(¢ +jo, - kya) - sing,;

Ty = 200 +jo. —kya) +8in20,,; - (sin2(9 +jo, - kya) +20,,)
U; = cos(¢+/0,—kya)—cosod,,;

Zi = a—(1/k,)(0+j0,.~ 9,
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Case 3: 21 = (l/kw)[q) +jo. -9, Zijp = (l/kw)[q) +jo.-0,,]

P; = cosdg,

Q;j = coso,,;

R, = cos2¢,, - cos2¢,,

S, = sind,,—sing,,;

T = 204, +sin2¢,,, - (sin2¢,; + 20,,;)

Uj = €08, —cosd,,;

Zj = (170 +id, = 0y) = (17k (D + 70, — 0pr)

Case 4: flute j is not cutting face i

Pij= Qij= Rij= Sij= Tij= Uij=Zij= 0

3.6. Maximum Torque and Power

Maximum torque is calculated using the following equation:

Tmax = Ft, max X Te (320)

The tangential force F, is calculated analytically using geometric constants.

F, @) = ["dF, (0)dz G2

Zijt

The tangential force component was given in equation 3.4:
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dFt,j(q)v Z) = (KTC ’ hj((l), Z) + KTE)dZ

Fr,j(0) = JZW(KTC-stsin¢j(z)+KTE)dz

Zij1

Fr (0 = —KTcst[éwosw+j¢c—sz,-j2)) —Ii(cosw #10,~kyzg )|+ (Kl = 2]

K
Fr ;(0) = (—k—TC)s,U,—KTEZ, (3.22)
L4

Fi(9) = > > F (3.23)

Once the maximum torque is found, the maximum power in hP is calculated using

Tmax “h
Prax = 457 (hP) (3.24)

where n is the spindle speed expressed in rad/s.

3.7. Deflection Models

In this application, the assumption is that tool deflections are solely the result of cutting
forces acting on the flexible cutter. Parameters such as run-out, deflection of the workpiece are
therefore not considered. The model assumes static deflection of the cutting tool.

Two approaches are used to calculate deflections. For the calculation of deflections along the

tool, static deflection is calculated using the cantilevered beam formulation for forces applied all
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along the tool. For the calculation of maximum deflection, an analytical approach is used. In this
approach, the force is applied on the tool at halfway the axial depth of cut. It was demonstrated
that this simplified, concentrated maximum normal force deflection model is appropriate for rigid

parts [36].

3.7.1. Deflection along the Tool

We assume that the cutting force is applied at the tool tip of the endmill and that it causes the

tool to deflect statically. The deflection is given by:

(3.25)

o
]
e

-~

where k = 3—Elandl= EA

P 64

We observe that the surface generation is not the same for upmilling and downmilling. In the
case of upmilling, the cutter teeth enter in the material and cause overcutting. In downmilling, the
forces acting on the tool push it out of the workpiece therefore resulting in undercutting.

The finished surface is generated by the section of the tooth that is in contact with it. In
upmilling, this occurs at ¢, = 0, while in downmilling at ¢,, = 7. The surface is either gener-
ated by a single contact point for a position ¢j of the tool, or by many contact points. As formu-
lated earlier in equation 4.2, the angular position of tooth j for a depth of cut z is given by :

0;(2) = 0 +jo.—kyz for j=0,1,2,...N-1

where k\u = M .

Te
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Therefore, the contact points for upmilling and downmilling are derived by setting ¢; =0

for upmilling and ¢; = n for downmilling:

Zupmilling(q)) = %T (326)
i

Zdownmilling(q)) = ¢ k]q)c (3.27)
Yy

The cutter is divided into M small disk elements. The axial depth of cut is a, so the height of
one element is Az = a/M . If a large number of elements is used, the influence of the helix angle
can be neglected.

The differential cutting force at element m is [9] :

=1

AFy’m(q)) = K,5,Az z [sin¢j(z)—Krcosq)j(z)]sinq)j (3.28)
i=0

The deflection at z; caused by the force applied at element m is obtained using the cantile-

vered beam equation [17] :

]
AF, v
_m@\, -v;)

6EI m
8,(z, m) = (3.29)
AF, v
—nmm _

6E1 Ve Vm)

.

where v, = -z, and v, =1-z,.
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Figure 3.8 : End mill - Static deflection model.
Source : Manufacturing Automation, Altintas 91

3.7.2. Maximum Deflection

Deflection of the tool will cause overcutting in upmilling and undercutting in downmilling.
Both situations, the deflection is maximum when the normal force Fy reaches its maximum and
there is a contact point in cut.

As proposed by Spence [36], we assume the maximum deflection occurs at the tool tip and
that the force distribution can be approximated as the resultant force in y being applied at one
point corresponding to half of the axial depth of cut. From figure 3.9, we observe that:

A=L-a/2 (3.30)

and the maximum deflection is :

2
_F, A (A-3L)

6y, max ~ 6EI

(3.31)
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Figure 3.9 : End mill deflection model.

3.8. Validation of the Milling Force Model

3.8.1. Test Part and Set-Up

A test part featuring 3 different pockets, figure 3.11, was designed to verify the accuracy of
the prediction of cutting forces. The test consists in machining the three pockets and to measure
the cutting forces along the toolpath. These 3 pockets allow for different sets of entry and exit
angles along the tool path as well as cases where there are more than one set of entry and exit
angles for the same tool position. Also, the direction of the cutting forces vary along the tool path.

The cutting tool is a two-flute cylindrical end mill with a 12 mm diameter, a helix angle of 30
degrees, and a rake angle of 8 degrees. We assumed no corner radius. Finally, the workpiece is
mounted on a Kistler dynamometer with sensors to measure F,, Fy and F,. The cutting forces are

recorded using the MAL-DAQ module from CutPro [10].
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The depth of cut is 4 mm, the spindle speed is 2500 rpm and the feedrate is 500 mm/min.
Figure 3.10 shows the toolpath. For the rectangular pocket, a helical inward toolpath was used
with plunging entrance of the tool in the center of the pocket. For the triangular toolpath, a helical

inward toolpath was used as well. For the circular toolpath, an helical outward toolpath was used.

Figure 3.10 : Toolpath.
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Figure 3.11 : Test part with three features and dimensions.

33



The workpiece material is Al7050-T7451. The cutting coefficients for this material are

obtained using an orthogonal to oblique cutting model presented by Budak, Altintas and Armar-

ego [18].

Orthogonal to Oblique Cutting Transformation

The cutting coefficients are transformed from shear stress, shear angle, friction angle and
edge coefficients measured in orthogonal cutting tests using a classical oblique cutting model. It
was found that this material behavior is a function of chip thickness and spindle speed. The cut-
ting coefficients are therefore updated along the tool path as the chip thickness varies.

The relations for the shear stress 7, , shear angle ¢,, , friction angle , and the edge coeffi-
cients are for A17050-T7451 :

T, = 297.0528 + 1.0474 - at,

=2
=
I

24.2013 + 36.6678 - h +0.0049 - V+0.2995 - o,

==
x
1l

18.7883 — 6.7008h — 0.0076 V + 0.2581 a1,
Krp = 23.4071 - (0.0014 - V) - (0.2555 - at,, - 180/7)

= 35.1607 — (0.0011 - V) - (0.5076 - ., - 180./m)

>
=
]

|

Kyp =0

where o, is the normal rake angle in degrees, h[mm] is the chip thickness and V is the cut-
ting speed in [m/min]. In the classical orthogonal to oblique cutting transformation model, the
following assumptions are made [12] :

1) the orthogonal shear angle ¢, is equal to the normal shear angle ¢, in oblique cutting;

2) the normal rake angle o, is equal to the orthogonal rake angle o, ;
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- 3) the chip flow angle 1 is equal to the oblique cutting angle n ;
4) the friction coefficient 3, and the shear stress T, are the same in orthogonal and oblique
cutting for a combination of speed, chip load and tool-material pair.

The equations for the cutting coefficients are [12] :

T, cos(B, —o,) + tani- tanm - sinf},

K, = .
re” sing,, c (3-32)
T sin(B, - o)
Ko . = s . n n 3.33
RC sin¢, cost c (3.33)
T coSs -0 )tant—tanm - sin
Ky = = (B~ %) n-sinb, (3.34)

sing,, . c

2 2. . 2
where ¢ = A/cos (0,+B,-0,)+tanm-sin"B, .

3.8.2. Transformation to XYZ Cartesian System

During milling simulation, the forces are first calculated in their local axis system. The X
and Y forces must be transformed to obtain forces in the machine X and Y directions, as shown in

figure 3.12, the Z direction being the same. They are projected as follows:

’

(dF, dF,] = (TI[dF, 1oeqs dF, peal (3.35)
where Tis [7] = cos® —sin® (3.36)
sin® cosO

where 0 is the angle between the local coordinate system and the machine coordinate system.
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Figure 3.12 : Transformation of forces to machine coordinate system.

3.8.3. Simulation and Experimental Results

The envelope of the experimental and simulated results are presented for the X, Y , Z and
resultant cutting forces for each part pocket in figures 3.13 to 3.18. From the results, we can make
the following observations:

1) For the rectangular and triangular pockets, the trend of the simulated results generally fol-
low the experimental results, except for the resultant force and the Z force for the rectangular
pocket. The resultant force being the combination of X and Y results, this is explained by the fact
that we are adding the slight deviations from both curves. In the case of the Z force, there is an
offset of about 50 N that is not observed later during the machining of the two other pockets.

2) The experimental results exhibit a magnitude that is higher than the simulated results by
about 50 N, which is an error of about 10%. The results present noise and drift from the measure-
ment equipment, but this deviation is probably due to the material cutting coefficients.

The analysis of the results shows that the milling force model is accurate.
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Chapter 4

Virtual Milling Implementation

4.1. Overview

In chapter 3, the details of the milling simulation were given. In this chapter, the implemen-
tation of the milling simulation within the framework of the Virtual Milling project is presented.
Virtual Milling offers several advantages to single cutting condition milling simulation. With Vir-
tual Milling, the milling simulation is done for the whole part which allows the NC programmer
to identify critical situations occuring during the operation. Also, feedrate scheduling and optimi-
zation is performed for the whole part and for various machining constraints, therefore maximiz-
ing machine performance, reducing cycle time and producing quality parts. Another major
advantage of Virtual Milling is that the time spent on the machine tool to improve the NC pro-
gram could be greatly reduced, if not eliminated.

The overall application is presented in the first sections, with the details of the interface
developed for the selection of cutting conditions in CAD/CAM software, as well as the type of
input required and the flowchart of the application. The following sections are dedicated to fee-
drate scheduling. Three approaches are used and experiments are conducted to validate the mod-

els and compare these approaches.



4.2. Virtual Milling Application

The flowchart shown in figure 4.1 illustrates the steps for the Virtual Milling project. The
software components are the following:

- New interface in the CAD/CAM software for the selection of cutting conditions;

- CAD/CAM system to create the workpiece geometry and the NC tool path;

- Application developed in ACIS to calculate tool-workpiece intersection;

- Milling process simulation;

- Feedrate scheduling.

ingu't ~ Tool:Workpiece Intersection < . QutputFile -
3 ‘ T ‘® Immersion
* Workpiece . | -Workoiece Angles
£ ® Selectionof F*CATIA™ CLFile _, ACIS > Tool -Workplece _, ® Feed

Stable (NC Tool Path) Intersection’

Cutting
Conditions

® Depth of Cut
~® ‘Spindie
Speed

Force Calculation |
(Static Model) |-

- OutputFile. -
|'® Workpiece -
| Mateial

® Torque'and'Power - .
Optimization y
Feed
Constraints
Maximum Torque Optimized
Maximum Power [~ CP:L File
Maximum Defiection|
Maximum Force
Maximum Chip Load

* Deflection

| ® Cutter Properties

i ® Limits for
i Optimization

Figure 4.1 : Virtual Milling flowchart.
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4.3. Selection of Cutting Conditions in CAD/CAM Software

During the creation of NC tool paths, the programmer must specify cutting conditions such as
spindle speed, feedrate and depths of cut. Available CAD/CAM software do not provide tools for
the selection of these cutting conditions. Most commercial NC packages offer interfaces where
cutting parameters are entered but there is no knowledge or help available specifically for the
selection of cutting conditions. The programmer therefore defines cutting conditions based on his
knowledge and experience, and/or on information available in handbooks.

The proposed system integrates knowledge for the selection of these parameters. .This is a
new feature added to CAD/CAM software and it is the first step in the Virtual Milling. It allows
for the selection of stable conditions for spindle speed, depth of cut and width of cut. The NC
programming is done using these selected conditions and will therefore lead to stable operation.
The feedrate is first selected using data available from tool manufacturers or handbooks, but will
later be optimized in Virtual Milling using milling simulation and feedrate scheduling techniques.
This part is presentéd in section 4.4. |

To illustrate this idea, a new interface is developed and integrated in CATIA, a widely used
commercial CAD/CAM software, especially by companies in the aerospace industry and in the
automotive industry. The purpose of this new interface is to display stability lobes for specific
tool and workpiece material combination and for a given width of cut during the NC program-
ming. The programmer is then able to select the appropriate set of spindle speed and axial depth

of cut to ensure stable cutting operation. The following sections introduce the theory of stability
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lobes, and describe the requirements and functionalities of the system, as well as present the inter-

face developed specifically in CATIA.

4.3.1. Stability lobes

Chatter vibrations are caused by a self-excitation mechanism in the generation of chip thick-
ness during the milling operation. One of the structural modes of the tool-workpiece-machine
system is first excited by cutting forces. The machined surface presents oscillations. The suc-
ceeding tooth is also oscillating due to the vibrations, therefore generating an oscillatory chip
thickness. The chip thickness being oscillatory, the cutting forces become oscillatory as well.
The self excited cutting system becomes unstable, and chatter vibrations grow until the tool jumps
out of the cut or breaks under the excessive cutting forces. Thus, the chatter vibrations continue
to be the major limiting factor in increasing the metal removal rates of the machine tools. [9]

In order to avoid conditions where chatter vibrations would develop, many researchers have
worked in this area. Tlusty [41] and Tobias [43] first presented stability theory for orthogonal cut-
ting. Merrit [32] also presented Nyquist stability based solution. Altintas and Budak [8] later pre-
sented an analytical solution applicable to the milling operation. This solution is used here to
generate stability lobes. The reader should refer to [8],[9] for more details about the theory and
equations.

The analytical stability lobes are obtained from the following characteristic equation [8][9]:

apA*+aA+1 =0 4.1)

where
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Yy~ Chxy Oy ) 4.2)

ay = @, (in )P, (io (0,0
a; = o, P, (in)+o, P (in). (4.3)
®,, and @, are the direct transfer functions in the x and y directions. o, and Q. are the

directional dynamic milling force coefficients. ®, is the chatter frequency. The eigenvalue A is

then solved by :
1 2

The transfer functions of the orthogonal modes in x and y are complex, so the eigenvalue is
complex as well.
A = Ag+iA, (4.5)
The expression for chatter-free axial depth of cut is given as :

i TP 4.6
Qim =~ L+K) (4.6)

t

A
where X = A—I . K, is the tangential cutting coefficient and N the number of teeth.
R

The spindle speed is obtained by finding the corresponding tooth passing frequency :

1 .
T, = w—c(s +2kn) k=0,1,2,... (4.7)

and then the spindle speed n [rev/min] :

n=>2 (4.8)

By looking at the equation for ay;,,, it is apparent that stability lobes are function of the trans-

fer functions of the system, the width of cut (through the directional dynamic milling coeffi-
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cients), the number of teeth N and the cutting coefficient K, which correspond respectively to the
dynamic parameters of the tool-machine system, the cutting geometry, the cuting tool geometry
and the workpiece material.

Stability lobes are presented as a graph that relates the axial depth of cut to the spindle speed.
Figure 4.2 shows an example of stability lobes. The region under the curve is the stable region

while cutting conditions above the curve correspond to chatter conditions.

Stability Lobes (Analytical)

10—+
-g 8 Unstable region /‘\
£ A
5 6t 4
O
2 4
..6_ Stable region
[
Q 27

0 } : : | a :
0 2000 4000 6000 8000 10000 12000
Spindle Speed [rpm]

Figure 4.2 : Example of stability lobes.
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4.3.2. Flowchart for the Selection of Stable Cutting Conditions

As mentioned in the previous section, calculation of stability lobes requires that some ele-
ments of the cutting process be specified by the user. The following parameters and cutting con-
ditions are selected or entered via the interface: workpiece material, selection of the cutting tool,
tool and workpiece frequency response functions, and the radial depth of cut. The interface must
be integrated in the CAD/CAM software and must allow for the selection of all the parameters
and cutting conditions previously mentioned. The flowchart presented in figure 4.3 illustrates the
steps that the user follows in the selection/entry of these parameters. The boxes on the right side

correspond to tasks performed by the application according to the selections made by the user.
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Steps :Selection/Entry of Parameters | Tasks Performed by the Application

Select :
Workpiece Material
Select Tool
:- Dilay Recommended utting Spe

Display Recommended Feedrate |
v
Select Machine/Tool Dynamics
Select Workpiece Dynamics
Enter Radial Depth of Cut

Read Cutting Coefficients from Database
Ktc, Kre, Kac, Kte, Kre, Kae

Read Cutter Geometry from Database
Number of teeth, Helix Angle, Diameter

Read Transfer Functions from Database
FRFs for Machine/Tool and Workpiece

Read Radial Depth of Cut Entered by the
User

Calculation of Stability Lobes for :

—>- Specified Cutting Conditions

- Selected Cutting Tool

- Selected Workpiece Material

- Selected Machine/Tool and
Workpiece Dynamics

Display Stability Lobes |

A L I R

Figure 4.3 : Flowchart - Interface in CAD/CAM software for the
selection of cutting conditions.

The first step is the selection of workpiece material in a list of materials available. Once the
material is selected, a list of tools for which mechanistic cutting tests have been performed is

shown.
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The second step is the selection of the appropriate cutting tool for the operation. With the
workpiece material and cutting tool selected, the associated milling cutting force coefficients are
extracted from the database. Recommended cutting speed and feedrate range are then displayed.
The user uses this information as a reference to program the feedrate.

The third step is the selection of the machine/tool and workpiece dynamics. The frequency
response function of the cutting tool is necessary to calculate the stability lobes, while the fre-
quency response function of the workpiece is selected only for the case of a flexible workpiece.

The fourth step is the entry of the radial depth of cut used in the operation.

With all the information extracted from the database and entered by the user, the stability
lobes are calculated and displayed to the user in order to select appropriate spindle speed and axial

depth of cut for the operation.

4.3.3. Development of an Interface in CATIA

Following the flowchart presented above, an interface is developed using Visual Basic pro-
gramming language. This interface is integrated in the Prismatic Machining module of the soft-
ware CATIA V5. The interface is divided in two windows. The main window is shown in figure
4.4. In this window, the user specifies information regarding the process, i.e. workpiece material,
cutting tool selection, cutting tool and workpiece frequency response functions and width of cut.
The second window is shown in figure 4.5. It is used to display the stability lobes for the cutting -

parameters and the selections previously made.
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{»Material selection

Tool selection

£1e Recommended
| cutting speed and
| feedrate

1~ Tool and workpiece
FRFs

+t-*Radial Depth of
1 Cut

Stability lobes

Figure 4.4 : CATIA interface : selection of cutting conditions.

Stable cutting conditions

Stabilty Lobes (Anaiytical)

+ The user will transfer the
information to the CAD
system, but eventually it can
be automated.

Stable zone

Figure 4.5 : CATIA interface: stability lobes.

Using the stability lobes, the NC programmer selects a set of spindle speed and depth of cut

under the curve in order to avoid chatter conditions.

4.4. Workpiece Model and NC Tool Path

The geometry of the blank and final part are created in the CAD/CAM software. In order to

be read by the application in ACIS for the cutting tool - workpiece intersection calculations, they
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are converted to the STEP format. The NC tool path is programmed in the CAD/CAM software.
The corresponding APT file is generated and transferred to the application in ACIS.

Using STEP files for the part geometry and APT file for the NC toolpath means that any com-
mercial package capable of converting to these formats can be used, therefore it is independent of

the CAD/CAM software.

4.5. Cutting Tool - Workpiece Intersection

In order to simulate the milling operation, the virtual milling application requires input
regarding the process. To calculate the cutting forces as well as the torque and power, and tool
deflection, it is necessary to know for each step along the tool path the following parameters: the
entry and exit angles which define the radial width of cut, the feedrate, the spindle speed and the
axial depth of cut.

The application developed in ACIS by Huang [25] to calculate the intersection between the
tool and the workpiece reads the APT file generated by the CAD/CAM software. This file con-
tains APT instructions describing the motions of the tool programmed. It is necessary to dis-
cretize the tool path in order to catch the geometry changes. Therefore, the current version of the
application calculates the intersection along the tool path at small intevals, such as 0.5, 1 or 2 mm,
or as specified by the user. A later version of the application will recognize automatically areas
where it is necessary to discretize the tool path and other areas where it is not. This improvement

will reduce greatly the computation time.
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i
Another information required is the angle between the tool path and the machine X axis. The
cutting forces are measured in the X, Y and Z directions. The entry and exit angles are given
according to the local coordinate system for a specific location on the tool path. The cutting
forces are calculated in this system and they are projected on X and Y, as seen in section 3.8.2.

4.5.1. Structure of the Tool-Workpiece Intersection Qutput File

The application in ACIS generates an output file which is read by the milling process simula-
tion. This output file has the following format :

1 : number of pairs of entry-exit angle;

Py
I

2 : sets of entry-exit‘angles [radians];

3: X, Y and Z coordinates [mm];

4 : angle between local coordinate system and X-Y machine system [radians];
5 : depth of cut [mm];

6 : spindle speed [rpm];

7 : feedrate [mm/min].

AW

1{2/0.00000/0.00000}-42.998|49.039}-7.000{0.000|7.0[2500.0}500.0|
0}-40.998149.039]-7.000{0.000|

1]2/1.55241{1.58918}-9.998|49.039}-7.000/0.000| 7.0[2500.0}500.0|
112}0.92701|2.21458}-7.998/49.039}-7.000/0.000|7.0[2500.0{500.0|
1/4]0.00000|1.13028]1.36782|3.14159|1.002/49.039]-7.000/0.000[7.0{2500.0]500.0|

Figure 4.6 : Example of tool-workpiece intersection output file.
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4.6. Milling Process Simulation

The milling process simulation application can be divided into two components. The first

‘component is the engine that calculates the instantaneous cutting forces, maximum forces, maxi-

mum torque and power, as well as deflection and maximum deflection. The second component is
used to perform feedrate scheduling. Functions from the milling process simulation application
are called to calculate maximum force, maximum torque and power, maximum deflection, in
order to schedule the feedrate according to these constraints. The output of the milling process

simulation is an optimized CL file.

4.6.1. Data Structure

The milling process simulation is programmed in C++. The main class provides methods to
calculate forces, torque and power, deflection, and perform feedrate scheduling. For each step
along the tool path, information is read from the tool-workpiece intersection output file and

results are stored. Figure 4.7 shows the structure used to store this information.
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A 4
INFORMATION READ FROM OUTPUT FILE
- Element number

- Type of operation :roughing, finishing

- Coordinates x,y,z [mm]

- Lists of entry and exit angles

- Table of intersection cases

- Depth of cut [mm)

- Spindle speed [rpm]

- Feed rate [mm/min)

FORCE CALCULATIONS

- Geometric constants : Pt, Qt, Rt, St, Tt Ut
- Maximum resultant force {N]

- Maximum power [hP] and torque [Nm]
- Maximum tangential force

- Instantaneous X, Y, Z forces

- Instantaneous tangential forces

- Instantaneous resultant forces

- Average force

DEFLECTION CALCULATIONS

- Maximum deflection using conventional discretization
approach

- Maximum deflection using analytical model

FEED RATE SCHEDULING

1) Constraint-Based Feed Rate Scheduling
- New feed rate

- New feed rate after smoothing

2) Offline Adaptive Force Control

- New feed rate

- New feed rate after smoothing

Figure 4.7 : Milling process simulation - Data structure for each step.

4.7. Feedrate Scheduling

Optimization of the machining tool path can be performed either off-line or on-line during
the machining operations. On-line monitoring of the forces, etc... in order to modify the spindle
speed and feedrate, requires the use of additional measuring equipment and modifications to the
machine tool and its controller. It is usually used once to optimize the parameters and register the

new NC program. Off-line methods are based on models which try to represent as accurately as
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possible the physics of the process. More cutting conditions can be modified usirg off-line
approach, as with the on-line method it is rather difficult to modify the tool path itself, while with
off-line it is always possible to modify the depths of cut, etc...

In this research project, we are going to compare 3 approaches, two off-line approaches and
one on-line approach. In all cases, only the feedrate can be adjusted. Since there is no existing
link between a milling simulation system and a commercial CAD/CAM software, it would be
rather difficult to modify the cutting geometry, i.e. the axial and radial depths of cut. Our applica-
tion provides options that are readily usable in a commercial setting. Therefore, only the feedrate
can be adjusted.

The 2 off-line methods are constraint-based feedrate scheduling and off-line adaptive force
control. On-line approach is done using an application programmed and available in the Manu-
facturing Automation Laboratory [3].

During the machining operation, sudden changes in the workpiece geometry may result in
increase in the depth of cut or immersion. These changes might cause force overshoots, creating
situations where the forces and stresses exerted on the cutting tool may exceed the tool capacity as
well as exceed the spindle motor power. These situations are potential risk of severe damage to
the tool and machine and should be avoided. Other objectives of feedrate scheduling is to reduce
the machining cycle time and improve the workpiece surface finish and accuracy.

In the following sections, we will explain all three approaches and complete this part with the

approach used to smooth the new optimized feed curve.
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4.7.1. Constraint-Based Feedrate Scheduling

Roughing and finishing operations do not have the same requirements. During roughing, the
objective is to achieve the highest material removal rate, as it is economical to reduce the machin-
ing time as much as possible, while the objective in finishing is to meet close part tolerances and
achieve good surface finish. For feedrate scheduling, the following constraints will be consid-
ered: maximum force, maximum torque and power, maximum chip load and maximum deflec-

tion.

Roughing

In roughing, large forces and tool deflections are allowed as the focus is on the volume of
material removed. The maximum force, maximum torque and power, and maximum chip load
will be checked.

The loads on the cutting tool will be high considering aggressive cutting conditions are
selected to machine the part as quickly as possible. It is important to verify that the maximum
cutting force will not be exceeded, which could result in tool shank breakage, and to adjust the
feedrate accordingly.

The machine tool and its spindle motor are designed for certain types of machining applica-
tions. 'Spindle motors specifications are defined in a chart of the maximum torque and power
available versus the spindle speed. Maximum torque and power need to calculated in order to
assure that the cutting conditions will not overload the machine spindle, causing important dam-

age and possible failure of this component.
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The cutting tool edges are submitted to large stress and the allowable tooth stress is expressed
by the tool manufacturer in the form of chip load. Therefore, we need to check that the chip load

is not exceeded.

Finishing
In finishing, deflections should be minimized and we want to achieve close tolerances and
meet the surface finish requirement. The same constraints as for roughing will be considered, as

well as the maximum deflection constraint.

Maximum Force

The maximum force constraint Fgpg 4, 18 €valuated in order to avoid shank breakage. As

stated earlier in equations 3.13 and 3.14, the forces in X and Y are given by :

Zij2

1 St,f
v

Zij1

Zij2

1 St,t_‘
F, i(0) = (—k_) [_KTEUij —KgpSi;+ Zrce[KTcT,-j - KRcRij]]
v Zij1
The resultant force in the X-Y plane is given by '
2 2
FRES,max= Fx +Fy
We can define F, and F as :
Fo = A+, 0B 4.9)
Fy=C+5; p5recD (4.10)
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where the variables A, B, C and D, are :

1
A= k_(KTEST‘ KreUr)
v

1
B = %(KRCTT_ KrcRy)

1
¢ (—k_) (~KreSt~KrgUr)

v

1
D= ("—)(KTCTT"‘KRCRT)
4kW

The cutting coefficients K7, Krg, Kgc and Kgg are known for a given position of the tool as
well as the geometric constants. Fggg is the maximum allowable force on the tool. The feed per
tooth s, ¢, is the unknown.

The resultant force Frgg 4y takes the form :

2 2
FRES, max — A/(A + st,forceB) + (C + st,forceD)

The following quadratic equation is obtained :

Sy force (B*+ D) 5, 10,0 (2AB +2CD) + A” + C* ~ FRis, max = 0 @.11)
and in a simplified form :
IS, force. + KSy force +L = 0
where J, K and L are :
J = B*+D*

K = 2AB+2CD
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2 2 2
L=A+C —FRES,max

The feed per tooth is obtained by solving for s, , ., the unknown.

K+ WK —4JL “4.12)

st,force - 2]

We only consider the positive values of s, f,,., and keep the lowest value.

Maximum Torque and Power

It is important to verify that the torque and power requirements do not exceed the machine
spindle capacity and to adjust the feedrate accordingly to use the maximum torque and power
available at a given spindle speed.

The maximum torque and power were given by equations 3.20 and 3.24 :

T = F Xr

max i, max c

P =(T

max max

-n)[kW]

The maximum torque and power are function of fhe spindle speed. Typically, the machine
tool builder provides a torque/power chart. As an example of this type of chart, the chart for the
horizontal milling machine Mori Seiki SH-403 is presented in figure 4.8.

If we do not consider its direction, the tangential force F, is given :

Kpesy q
Ft,max = KppZy- k = ueUT
Y
The torque is :
K. s r
Tmax = (KTEZT_ e ]: quueUT) 1060 (413)

T}
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F1 15 mirvoont  *2 30 marveont

Figure 4.8 : Torque and power chart - Mori Seiki SH-403.
Source : Mori Seiki Company.

The feed per tooth s, 15,4y 1S

T, -1000 k!!
st, torque = ( maxr - TEZT) KTCUT. (4-14)
c

Maximum Chip Load

The maximum chip load corresponds to the maximum recommended chip load by the tool

manufacturer or found in handbooks. The maximum chip load is found with :
hmax = st, chip sin ¢J
Calculations are done for the values of ¢, and ¢,, for each set of entry-exit angles. If /2 is

part of one of the intervals, then the maximum chip load will occur at this angle and is equal to the

feed per tooth since sin 7/2 is equal to 1.
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|
St, chip = hmax lfz € [¢sti’¢exi]

st, chip = min<hmax/(sm¢)l(¢ = ¢st, 0 q)ex, 0 q)st, 1’ )>

St, chip = 4.15)

Maximum Deflection

The maximum deflection is calculated using the model presented in section 3.7.2. The con-
straint is set as the tolerance allowable for the part. The maximum deflection was given in equa-

tion 3.31 :

2
_F, aA(A-3L)
Y, max = 6EI

The constants A, E, I and L depend on the geometry of the cut and the tool material. We set

Sy, max> S0 We can find s, yor. Fy 4, Can be expressed as earlier as :
Fy,max = C+st, defD
where
1
C= (—k_)(—KREST_ KreUr)
W

1
4k\u

So, the feed per tooth s, 4, becomes :

5, 6EI
= )€
(A-3L)

St def = D (4.16)
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Identification of maximum allowable feedrate

The maximum allowable feedrate is the minimum of all feedrates calculated :

= min(s s

St, opt t, force’ °t, torque’ st,power’ St, chip? St, def) (4.17)

The new feedrate commands might not produce a smooth feedrate curve. In order to get a
smoother curve, we use a 5-point average smoothing method where the 4 previous feed values
(S k-4 Stk-3» St k-20 S1.x-1) and the current feed s, , are used, and the average over these 5 points is

calculated to obtain the new feed for step k.

S + s +s + s + s
— k-4 k-3 k-2 k-1 1, k
St k new = s (4.18)

The NC program is then updated with new F commands for each step.

4.7.2. Adaptive Force Control

When machining, the quality of the workpiece and the performance of the machine are
related largely to the CNC feed drive dynamics and the cutting process dynamics. Using adaptive
control in machining provides improved machining parameters by adapting to the changes in the
cutting operation, such as depth of cut and width of cut.

In this research project, both approaches, off-line and online adaptive force control, are based
on the adaptive generalized predictive control developed by Altintas [9] and are used to maintain

the peak force at a specified reference cutting force by updating the feedrate command. This

64




adaptive control algorithm is based on Generalized Predictive Control method presented by
Clarke et al[20].

The block diagram presented in figure 4.9 shows the general adaptive control system. In this
block diagram, we can see that the input to the milling process is the feed command f, while the

output is the resultant cutting force F, applied at the tool tip.

Feed Command

fo [mm/s] CNCMilling Process
Reference \ t=-———==—— == Measured
Force d | . |Cutting Force
FrIN], aptive eed Drive, - Fa [N]
CNC|  |Motors, and ,| cutting
———»9—————) Control Aomop:ISifi:r: f' Process| [~
. A !
Algorithm| | | CNC Machine Tool |4ctyal CP !

| Gm feed delivered [

Adjust L, ———————————
Control | Estimation of Machining Process
Parameters Trans fer Function

Figure 4.9 : Block diagram of a general adaptive control system in machining.
Source : Altintas [9].

The CNC and feed drive dynamics can be modelled as [6]:

_fu(2) _ (8ot 22 +8,77)
fe(2) 1- hlz_1

G,(2) (4.19)

where f, is the feed command to the CNC and 1 s the actual feed delivered by the drives.
The parameters g, g;, g, and k; vary with the feedrate and spindle speed.
The milling process can be expressed by the transfer function [6]:

-1

F () _ Bz

= = 4.20
fa(z) 1+ OLZ_1 ( )

G,(2)

where
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where M is the number of teeth, n is the spindle speed [rps], K is the cutting coefficient and
k, is the stiffness of the tool.
Therefore, the transfer function of the plant is given by [9]:

-1 -1 -2
F,(z) _ B _?* (bg+byz +byz ")
f(a)  A(2) 1 +a1z_1 +a:,_z_2

G(2) = G, xG, = 4.21)

The plant dynamic parameters can be estimated using a Recursive Least Square (RLS) algo-

rithm [9].

Online Adaptive Force Control

For the online approach, the X and Y forces are measured during the machining using a dyna-
mometer and transferred to the adaptive controller which adapts the parameters and generates a
new feedrate command. The new feedrate command is sent to the CNC and the new resultant

force is measured.
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Off-line Adaptive Force Control

The adaptive generalized predictive control developed by Altintas [9] was also implemented
in the Virtual Milling project. The difference with the online adaptive control is that in this case,

the resultant cutting force is not measured during the machining but calculated by the milling sim-

ulation.

4.8. Simulation and Experimental Results
4.8.1. Set-up

Experimental cutting tests were performed on a Fadal vertical machining center equipped
with both a Kistler dynamometer and the Open Architecture Real-Time Operating System
(ORTS). ORTS is a general purpose real-time operating system running on a DSP board con-
nected to a PC. This system was developed in the Manufacturing Automation Laboratory at the
University of British Columbia [4]. The cutting forces in X and Y are measured using the Kistler
dynamometer. For the cutting tests for constraint-based feedrate scheduling and offline adaptive
force control, the cutting forces are recorded using the MAL-DAQ module from CutPro [10]. For
the online adaptive force control, the cutting forces are fed into the interface board of ORTS. For
all three approaches, NC programs were transfer;ed to the machine tool controller.

For constraint-based feedrate scheduling and offline adaptive force control, simulations using
the milling simulation module and the corresponding feedrate scheduling algorithm are first run.

Feedrate curves and modified NC programs are obtained.
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For online adaptive force control, the original NC program is fed to the controller and the
adaptive force control algorithm implemented in ORTS adjusts the feedrate according to the cut-
ting forces and controller parameters. ORTS is connected directly to the controller’s feed over-

ride potentiometer.

4.8.2. Tests

The tests were performed for the milling operation shown in figure 4.10. The three pockets
were previously machined at a depth of cut of 8 mm and the test consists in the linear tool path
shown by the segment from point A to B. The axial depth of cut is 2 mm. The dimensions of the

workpiece and its features are given in figure 4.11.

Figure 4.10 : Test part - Toolpath.
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Figure 4.11 : Test part - Dimensions.

The workpiece material is A17075-T7451. The cutting tool is a two-flute cylindrical end mill
with a diameter of 12mm, a rake angle of 8 degrees and a helix angle of 30 degrees. The spindle
speed used is 2500 rpm and the depth of cut is 2 mm. The parameters used for the tests were as
follows : the maximum allowable feedrate is set to 2000 mm/min and the reference cutting force

is 350 N.
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Simulation Results

First, simulations using constraint-based feedrate scheduling and off-line adaptive force con-
trol are conducted to obtain feed curves that are used for the experimental milling tests. The feed
curves are shown in figures 4.12 and 4.13. These curves show the feedrate as a function of the
position of tool along the toolpath. Figure 4.14 shows the corresponding simulation results for the
resultant peak force. We choose to display these curves using position instead of time as position
refers directly to the NC code that is generated and sent to the machine tool controller.

From these curves, we can observe some differences. At position 35 mm, both algorithms
detect a force increase as the cutting tool enters the workpiece. The constraint-based approach
decreases the feedrate faster and in the simulation results, it reaches the desired reference cutting
force at 40 mm. Both approaches give similar feedrates for the segment of the tool path where the
tool machines the side of the rectangular feature. At position 80 mm, the algorithms detect again
a change in the geometry as the cutting tool enters the section between the rectangular and trian-
gular features. Again, constraint-based approac‘h brings the simulation force back to the reference
value faster than the offline adaptive force control. As the tool is going through the triangular fea-
ture, both algorithms increase the feedrate in a similar manner with a very similar peak feedrate at
position 120 mm. As the cutting tool is going through the last circular feature, we observe a
smooth peak with the offline adaptive force control.

The simulation results for peak forces using those feed curves gave good results with slight

deviations from the reference cutting force of 350 N.
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Figure 4.12 : Feed curve - Offline adaptive force control.
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Figure 4.13 : Feed curve - Constraint-based feedrate scheduling.
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Offline Adaptive Force Control - Simulation Results
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Figure 4.14 : Simulation of peak forces.

Experimental Results

Experiments are conducted for the 3 approaches. For the constraint-based approach and the
off-line adaptive force control approach, the NC programs are defined using the feed curves

obtained by simulation. For online adaptive force control, a NC program is first fed to the
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machine controller and the ORTS and the adaptive control algorithm adjusts the feedrate in order
to meet the process specifications, that is the reference force and maximum feedrate.
Figure 4.15 shows the feed curve obtained when using online adaptive force control. The

feedrate is given as a function of time, but we can observe a similar trend as for the simulation

feed curves obtained with the off-line approaches.
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Figure 4.15 : Feed curve - Online adaptive force control.

The experimental results for the peak force measurements are presented in figure 4.16. As
we can see, all three approaches give good results. For all three approaches, there is an overshoot
when the cutting tool enters the workpiece and between features. The overshoot is about 20% for
the online adaptive force control as the tool enters the workpiece, which is slightly higher than

with the off-line approaches. Also, between the rectangular pocket and the triangular pocket, the
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online adaptive force control gives a higher overshoot. On the other hand, this approach gives a

smoother peak force curve than the other approaches.

In terms of cycle time, the online adaptive force control is the method that gave the best

results with a time of 8 s. For off-line adaptive force control, the cycle time was 9 s and for con-

straint-based feedrate scheduling it was 9.9 s.

Offline Adaptive Force Control - Experimental Results

Constraint-Based Feedrate Scheduling - Experimental Results
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Figure 4.16 : Experimental peak forces.
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4.9. Conclusion

Based on the analytical milling force model developed by Spence [36] and presented in chap-
ter 3, a framework for the implementation of Virtual Milling was developed. This application
comprises a new interface for the selection of stable cutting conditions. This interface is inte-
grated in a CAD/CAM software, which is new since current CAD/CAM systems do not offer such
options. This is the first step in the Virtual Milling project. This interface was developed and
integrating in the milling module of CATIA V5.

The validation of the force model was presented in the previous chapter. Two approaches for
feedrate scheduling, constraint-based feedrate scheduling and off-line adaptive force control,
were implemented. These 2 approaches were tested and compared with a third approach, online
adaptive force control. Cutting tests were done and all three approaches prove to give good
results. On-line adaptive force control seems to be the most efficient approach since it gives good
results for peak force and the lowest cycle time, but it requires testing on the machine. The two
off-line approaches are an interesting alternative and even though they did not perform as well as
the online adaptive force control, they provide an improvement in terms of force control and cycle

time compared to traditional NC programining practices.
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Conclusion

Milling process simulation is becoming part of engineering practices in advanced manufac-
turing facilities. The next step is to integrate the milling process simulation and the CAD/CAM
capabilities to simulate the machining operation for the whole NC program. This is known as Vir-
tual Milling and offers many advantages such as the capability to identify critical cutting condi-
tions, to calculate cutting forces and deflections along the tool path in order to improve part
quality and meet part tolerances, to reduce the machining cycle time by performing feedrate
scheduling, and to reduce or eliminate the tool proofing time before production start. This thesis
presents an application for Virtual Milling developed and tested for 2 1/2 D parts.

The first section of this work, the milling simulation, involved modelling of the milling pro-
cess for the whole part and was done By implementing the analytical closed-loop form milling
force model developed by Spence [36]. This analytical model has the advantage of requiring less
computation time since integration along the tool axis is not required. The input is a file gener-
ated by the tool-workpiece intersection application developed in ACIS by Huang [25]. This file
contains the tool-workpiece intersections along the discretized tool path. The output of the mill-
ing sirﬁulation include instantaneous forces, resultant forces, maximum forces, maximum torque
and power, deflections along the tool axis and maximum deflection, for each step along the tool
path. In order to validate the model, experimental cutting tests were performed on a 2 1/2 D part.
The test part featured different geometries and different intersection cases. Experimental results

were compared with simulation results and showed that the milling force model is relatively accu-



rate, with an error of about 10%. The principal source of error is the modelling of the material
cutting coefficients.

Then, the Virtual Milling flowchart was presented. The first step in Virtual Milling is the
selection of appropriate and stable cutting conditions during the NC programming. Once the NC
program is completed, it is more difficult to modify the axial depth of cut as it requires to modify
the tool path itself. If the user is guided in the selection of the axial depth of cut that will provide
stable cutting, the NC program will not require subsequent modifications. Current CAD/CAM
systems do not offer tools for the selection of cutting conditions. Therefore, the requirements of
such a tool were estalished and a new interface was developed and integrated in the Prismatic
Machining module of the CAD/CAM software CATIA V5. This interface provides the user with
a chart of the axial depth of cut as a function of the spindle speed, known as stability lobes. The
user must first select the cutting tool geometry and workpiece material in a database, then select
the tool-machine transfer functions, and specify the radial width of cut used in the program.
These input are necessary for the calculation of stability lobes. The NC programmer can then
select a proper combination of axial depth of cut and spindle speed using the stability lobes.

The second step in the Virtual Milling is the milling simulation. The milling simulation is
used for two purposes : to evaluate the milling operation and check its validity, and to perform
feedrate scheduling. The first purpose allows the user to identify problematic sections of the tool
path. The second use for milling simulation is to perform feedrate scheduling. Two off-line
approaches were implemented: constraint-based feedrate scheduling and off-line adaptive force
control. These approaches were used to generate feed curves for a specific tool path in order to

evaluate the gain from using off-line approaches. Experimental cutting tests were conducted.
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Another approach, online adaptive force control developed by Altintas [9] was also used during
the tests in order to compare the three methods. All three methods gave good results. There were
overshoots at transient cuts in all cases, the maximum overshoot of about 20% was observed with
the online adaptive force control. On the other hand, the machining time was lower with this
approach and the constraint-based feedrate scheduling was the slowest method. Overall, the off-
line approaches can be used to adapt the feedrate to specific machining constraints and will pro-

vide good control of the cutting forces while improving the machining time.

Future Research

This thesis focused on Virtual Milling for 2 1/2 D parts using cylindrical end mills. Future
work should include complex geometries, such as sculptured surfaces and 5-axis machining, as
well as different tool geometries.

The milling simulation should provide the user with information regarding locations of criti-
cal constraints along the tool path. Ideally, it should be integrated in the CAD/CAM software and

could run in real-time with the visualisation of the metal removal.
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