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Abstract

Ball end milling has been used extensively in current manufacturing industry in pro-
ducing parts with sculptured surfaces. Due to its complex cutter geometry, ball end
milling mechanics and dynamics have not been studied until recently. In this research,
the mechanics and dynamics of cutting with a special helical ball end cutter are mod-
eled. A unified mathematical model, which considers the true rigid body kinematics of
milling, static deformations and forced and self excited vibrations, is presented. The
ball end mill attached to the spindle is modeled by two orthogonal structural modes 1n
the feed and normal directions at the tool tip. For a given cutter geometry, the process
dependent cutting coefficients are obtained by applying oblique tool geometry to the
fundamental properties such as shear yield stress, shear angle and average friction angle
measured from orthogonal cutting tests. The three dimensional surface finish generated
by the helical flutes 1s digitized using the true kinematics of ball end milling process.
The dynamically regenerated chip thickness, which consists of rigid body motion of the
cutter and structural vibrations, is evaluated at discrete time intervals by comparing the
present and previous tooth marks left on the finish surface. The process is simulated in
time domain, by considering the instantaneous regenerative chip load, local cutting force
coefficients, structural transfer functions and the geometry of ball end milling process.
The proposed model predicts cutting forces, finished surface and chatter-free condition
charts, and is verified experimentally under both static and dynamic cutting conditiéns.
The model allows process planners to select cutting conditions to minimize dimensional

surface errors, shank failure and chatter vibrations for end milling operations.
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Chapter 1

Introduction

Milling remains one of the most common machining operations in manufactur-
ing industry mainly due to its Hexibility in producing a wide range of shapes such as
stamping dies and pockets found in die and mold industry, high performance parts en-
countered in aerospace components, and compressor impellers. Current manufacturing
technologies have focused on increasing the productivity and the quality of the finished
parts while rnaintaiﬁing a sufficient process stability and reliability. The most common
methods involve selecting conservative cutting conditions, determining the appropriate
machining conditions by the trial and error methods, or employing multiple finishing
cuts to achieve better accuracy, which result in lower productivity and higher cost. Sat-
isfactory production levels can be achieved if the process layout considers all aspects of
the machining operations, such as the pre-specified surface tolerance, machine tool vi-
brations, and tool breakage. Furthérmore, these issues are becoming more critical due to
the recent advances in high speed milling technology employed in die and mold making
industry. The development of reliable milling process methods is therefore important for
increasing metal removal rates while maintaining the process stability and the required
accuracy.

This study aims at analyzing the physics of a machining process, in particular, the
mechanics and dynamics of milling with ball end mills used mainly in producing sculp-

tured surfaces in die and mold and aerospace industry. Two key problems associated

with this process, the cutting force prediction and chatter stability analysis in ball end
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milling, are studied in the following chapters. A comprehensive and improved milling
force model, based on the exact kinematics model presented by Montgomery [1], is ap-
plied to the ball end milling for the simulation of the process. The model predicts the
milling forces, dimensional surface finish, and chatter-free machining conditions using
shear stress, shear angle and friction coefficient of the cutting process, oblique tool geom-
etry along the helical ball ended flutes and structural dynamic parameters of the machine

tool system.

Henceforth, the thesis is organized as follows:

Chapter 2 provides necessary background and literature review on milling analysis.
The fundamentals of metal cutting analysis, orthogonal and oblique cutting mechanics,

geometry of milling, past models for the prediction of cutting forces, vibrations and

machine tool chatter, are briefly reviewed.

Chapter 3 presents the geometric models of several common milling cutters. The
geometric models of cylindrical, bull nose, ball end mills and taper ball end mills are
" developed.

The mechanics of milling, in particular, with ball end cutters, are investigated in
Chapter 4. Two different milling force models, the mechanistic and the mechanics of
milling models, are presented. The mechanistic model requires direct estimation of cut-
ting constants from milling experiments. The mechanics of milling is based on the oblique
cutting mechanics model, which requires the milling cutter geometry, the shear stress,
shear angle and average friction coeflicient for the prediction of cutting forces. The math-
‘ematical models have been experimentally verified along with their statistical evaluation.

In Chapter 5, the dynamics of the milling process is modeled. The general model

considers structural vibrations, chip thickness regeneration, exact rigid body kinematics
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of milling. The mechanics model presented in chapter 4 is integrated to the dynamic
model. The combined model is able to predict cutting forces, surface finish and vibra-
tions during ball end milling operations. The model predictions are compared with the
experimental results.

The thesis is concluded with a short summary of the contributions and future research

work.




Chapter 2

Literature Review

2.1 Overview

Milling is used extensively in the manufacturing industry where both precision and
efficiency are critical. In this process the component shape, size and its surface finish is
generated by systematically removing or ’cutting’ the excess material from the original
workpiece by a cutting tool. The milling cutter ﬁossesses a number of cutting edges. It
is provided with a rotary motion and the work is gradually fed. Chips are removed by
each cuttiﬁg edge during revolution-and a surface is produced. Milling is one of the most
important manufacturing processes becéu‘se it can produce a wide variety of component
shapes and sizes with high dimensional accuracy and good surface finish, and it can be
computer controlled and automated. In many of these operations the cutting force is an
important parameter with respect to either the deflection (dimensional tolerance) and
breakage of the cutter, or the stability of the process. Moreover, knowledge of the magni-
tude and variation of the cutting force with respect to the cutting conditions is essential

for the process planning of milling operations.

Common milling geometries include conventional (up), climb (down), and slot milling.
In the up milling process (figure 2.1 a), the chip thickness varies from zero to maximum.

In down milling, the chip thickness starts from the maximum and decreases to zero at

exit (figure 2.1 b). Down milling usually produces better surface finish since the shearing
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Feed

Workpiece

Feed

Figure 2.1: Common milling geometries: a) Up milling, b) Down milling
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process ends at the finished surface. However, the directions of the resulting cutting
forces are orientated in such a way that the cutter tends to be pushed away from the
workpiece, leaving extra material on the surface, i.e. undercutting. Moreover, down
milling produces higher shocks at the entry of the cut due to the abrupt change in chip
thickness, thus requiring more gripping power from both the spindle and the clamps. In
up milling, the shearing action begins at the finished surface, the cutter is always pushed

in towards the workpiece, removing excess material from the desired surface dimensions.

i.e. overcutting.

The mechanics of milling can be best understood by examining the chip formation
during the process. An early detailed work by Martellotti [2] showed that, due to the
combined rotational and linear feeding motions of the cutter towards the workpiece, the
true path of a cutter tooth is an arc of a trochoid, rather than a circle, which complicates
the mathematics in the analysis. However, Martellotti claimed that, in most practical
cutting conditions where the cutter radius is much larger than the feed per tooth, the
circular tooth path assumption is valid and the error introduced is insignificant. As the

cutter rotates, the immersion angle (V) varies, hence the chip load changes sinusoidally

and given by Martellott: as:

t = s,81n(V) (2.1)
where ¢ = instantaneous chip load

s, = feed per tooth

¥ = immersion angle of cutting point
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2.2 Milling Force Models

The simplest form of machining operation is reviewed in this section. In the early 1940’s

Ernst and Merchant [3] presented a detailed analysis of a basic 2-D cutting process, often

referred to as orthogonal cutting. Such an operation is realized when the cutting edge is

straight and the relative velocity of the work and the tool is perpendicular to the cutting

edge (figure 2.2 a). On the other hand, the term oblique cutting is used when the relative

velocity of the work and the tool is not perpendicular to the cutting edge (figure 2.2 b).
The similarity between orthogonal and oblique cutting and their applications to

milling will be detailed in the later sections. Some basic assumptions proposed by Mer-

chant’s model are:

1. A Type 2 (continuous) chip is formed.

The deformation is two dimensional without side spread of the chip.

. Sharp cutting edge. (no edge force)

The thin shear zone is idealized by a ’shear plane’.

A

The shear stress 7 in the ’shear plane’ is uniform.

Merchant’s analysis, whose diagrammatic representation is shown in figure 2.3, was
based on the equilibrium of the chip under the action of friction forces at the rake face
and shear forces in the ’shearing zone’. The tool face, with a rake angle o and clearance
angle vy, penetrates into the work material at an uncut chip thickness ¢ .The material
shears along the shear plane and results in a cut chip with thickness ¢.. The cutting

ratio, r., is defined as:

re = t/1. (2.2)

The shear plane is inclined at an shear angle ¢ and is determined by the rake angle
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Workpiece

Workpiece ' b)

Figure 2.2: a) Orthogonal cutting geometry, b) Oblique cutting geometry
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o, of the tool and by the friction between the chip and the tool face.

ToCOSCty
tang =

(2.3)

1 —resina,
The components of force found in the tool/chip interaction plane are the shear force
F, and the normal force F,,. In practice, these forces are resolved into directions parallel

(F.) and perpendicﬁlar (Fy) to the work velocity,

F, P "‘F;cosqﬁ + Fusing

i

Fy = —F.sing + F,cosd
= (2.4)
F = —Fsina, — Freosa,
N = —F.osa, + Fysina,
where the shearing force is assumed to be proportional to the chip area:
F = Ktb (2.5)

where K and b are specific cutting pressure and width of chip respectively.

The above general relationship between the cutting force and the chip area was further
explored and applied by many researchers in milling analysis. Their analyses attempted
to relate the forces and power in milling to the practical variables such as the tool
geometry and cut geometry as well as work material and deformation properties. Two

commonly used milling force models are explained in the following:

2.2.1 Mechanistic Model

An early analysis of milling forces produced by a helical flute was presented by Koenigs-

berger et al. [4, 5, 6]. They related the elemental chip loading to rigid cutting forces (in
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Figure 2.3: Force diagram in chip formation
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tangential and radial directions) through experimentally calibrated milling force coeffi-
cients Kt and Kg. In genéral, these coefficients are identified through empirical curve
fitting technique and provide little physical insight in terms of the nature of the pro-
cess. The cutting forces were expressed as a function of (.:utting pressure exerted on the

instantaneous uncut chip area:

Fy, = Kr*xax*ssin(¥) (2.6)
F, = Kp=* F,

Later, other researchers employed the same model with improvements such as in-
cluding the effect of run out and tool deflections (7, 8, 9, 10, 11]. Tlusty and MacNeil
(12], Yellowley [13], Armarego and Budak et al. [14] further improved the accuracy in
predicting the milling force coefficients for cylindrical helical end mills by introducing an
edge force component to their linear model.

The limitations of the mechanistic approach became apparent in recent research on
milling with complex cutters such as ballend mills which have variable geometry in the
axial direction. As a result, Lim and Feng [15] approximated the cutting force coefficients
with a third degree polynomial which depends on the axialbdepth of cut. They then
estimated the coefficients by iteratively curve ﬁttihg using average run-out values on
‘the cutters. Similarly, Yucesan and Altir;tas [16] presented a semi-mechanistic model
which predicts the shear and friction load distribution on the rake and fank faces of
the helical ball end mill flutes. They used a comple;\( mathematical model and identified
the milling force coeflicients through an empirical curve fit to measure average milling
forces. The result is a set of cutter geometry and cutting condition dependent milling
force coeflicients, which limits the mechanistic model’s applicability.-

With the mechanistic model, prior evaluation of the milling force coefficients is neces-

sary for any analysis and prediction. Moreover, a large amount of milling tests is required
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to be run at different feed rates, cutting speeds, and constant cutting geometry, and the
results are applicable to a Aparticular workpiece material-cutter pair only. Although the
model allows quick calibration of existing cutters, it is not practical and useful in the
casé of complex cutter such as ball end mill due to its variable geometry such as helix

and rake angles.

2.2.2 Mechanics of Milling Model

Armarego [14, 17, 18] was among a few researchers to apply the orthogonal cutting
theory on milling force predictions. The basic idea is to represent the milling geometry
by segments of oblique cutting processes. Based on Merchant’s thin shear zone theory,
Armarego determined the milling force coefficients for cylindrical helical end mills without

calibration tests. From Merchant’s theory,

F, = 1b-t (2.7)

sing

By measuring the forces in turning, Budak, Altintas and Armarego [19] identified the
traditional material properties such as shear strength and friction from a set of standard
orthogonal turning test. They showed an accurate method of transformation between
the orthogonal cutting parameters (i.e. shear stress, shear and friction angles) and local
milling force coeflicients, taking into consideration the cutter geometry such as helix
angle and rake angle. Yang and Park [20] took a similar approach and appliedk the
orthogonal theory on ballend mills. They obtained the fundamental cutting parameters
from orthogonal turning tests and simplified the analysis by approximating the oblique
cutting on each ballend flute by infinitesimal orthogonal processes.. Later they considered
the variation in the chip loads due to static tool deflections. Tai and Fuh [21] used a

similar cutting model but they represented the cutting edge geometry as intersections
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between skew planes and spherical ball end mill surface. Ramarji [22] applied a similar
theory on taper shaped cufter by obtaining the shear stress from the stress-strain curve.

The mechanics of milling approach is more versatile to apply on cutters with complex
geometries such as ballend and tapered ballend mills. Mofeover, it eliminates the need for
new calibration tests required for each new cutter geometry. It also gives more physical

insight to the real process.

2.3 Dynamic Cutting

The milling models considered above deal with steady-state, static cutting, which is an
ideal machining situation - where the structural vibrations during cutting are ignored.
A cutting system is often subjected to some type of external dynamic forces. This
forcing function can be time-dependent, harmonic, periodic, or random in nature. ln
dynamic milling, under some conditions, force induced vibrations may be inherent into
the process, at the tooth>passing frequency. For other conditions the vibration may cause
the cutting process to vary so that it supplies a positive input of energy to maintain
the vibration, which is known as self-induced or self-excited vibration in machining.
Chatter is a self-excited type of vibration which occurs in metal cutting due to the lack
of stiffness in the process, or can be best explained by a phenomenon called “regeneration
of waviness”. “‘Regeneration of waviness’ is a mechanism by which the input force bis
modulated by system dynamics so as to produce force variations and vibration.” [23].
Figure 2.4 shows an orthogonal cutting process where the relative vibration between
the tool and the workpiece produces a “wavy” machining surface therefore influences
the uncut chip thickness variation at the chatter frequency. This undulation affects the

cutting forces which in turn excite the structure to produce vibrations and modulating

the chip thickness more. Chatter vibrations occur around the natural frequency of the
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WORKPIECE

Figure 2.4: Dynamic Cutting and Wave Regeneration in Orthogonal Cutting
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most flexible part of the machine tool-workpiece structure which is closest to the cutting
point.
Chatter in machining requires in-depth analysis as the machine tool, the workpiece

structure and the cutting process form a complex system. Severe vibrations in milling can

lead to imperfections on the work surface as the tool impacts on the work and produces

heavy marks or rough gouges. Chatter may also increase the rate of wear of the tool, the
likelihood of machine-tool break down, and it may cause a high frequency sound which
1s unpleasant and can be physically harmful to nearby pérsonnel.

Some of the main factors affecting the occurrence of chatter include: the structure of
the machine tool and workpiece, the overall system stiffness, damping, material hardness,
tool geometry, and orientation of tool vibration modes, and cutting conditions such
as speed, depth and width of cut. In general, chatter can be prevented by stiffening
the relative compliance between the tool/workpiece, or by selecting conservative cutting
width and depth of cuts, but at the expense of productivity. The use of non-uniform
pitch cutters in chatter suppression was also subjected to many investigations [24, 25].
The main idea is to disturb the normal wave regeneration mechanism which leads to
self-excitation chatter.

Tobias [26, 27], and Tlusty [28] were among the few early researchers to study dynamic
cutting. They explained the fundamental mechanism of chatter during turing and derived
the stability theory which analytically predicts chatter free cutting conditions. Their
stability theory was based on the orthogonal cutting model where the directions of cutting
forces and the structural dynamics of the tool workpiece system were assumed constant.
It was later adopted by many investigators and resulted in more understanding in chatter
prediction and avoidance.

Chatter in milling, however, is different from turning in which the cutter rotates with
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respect to the structure/workpiece systerﬁ. The directions of the cutting force compo-
nents and chip thickness are no 'longer. constant but changed with respect to the cutter’s
coordinate, hindering the direct application of the time invariant chatter stability theory
developed in turning. Sridhar [29] presented a milling stability model which requires nu-
merical solution of the milling equation. Later Minis [30] proposed an improved method
of solving the stability equation analytically by iteration. Recently, Budak et al. [31]
have solved the chatter stability in milling for helical end mills. They represented the
time varying milling force coefficients in Fourier series and were able to solve the stability
equation analytically and more efficiently, taking into account the change in the milling
force directions. However, the applicability of their theory has yet to be justified with
other complex cutters such as ballend mills.

All of the above analytical models target towards a ”chatter stability chart” which
allows chatter-free cutting speed, axial and radial depth of cuts to be selected accordingly.
Tlusty et al. {32, 33] also took a different approach in understanding the dynamics and the
stability of the process by introducing the time domain simulations of chatter vibrations
in milling. They simulated the real machining process numerically by considering the
speed dependent pfocess damping, structural dynamics, and the nonlinearities signified
by the tool jumping in and out of the workpiece due to excessive vibrations which cannot
be modelled in the analytical stability theory. Altintas and Montgomery [1] presented
an improved simulation model, including the true kinematics of the tool and workpiece
motions and the tool interference with the workpiece. In general, the time domain chatter
simulation provides a useful and reliable tool in predicting chatter free cutting conditions.
Chatter vibrations in ball end milling, however, have not received a similar attention due

to its complex geometry and dynamic chip load generation mechanism.



Chapter 3

Geometric Modelling of Milling Cutters

3.1 Introduction

A large variety of milling tools are available and used in die and mold manufacturing.
Each cutting edge on the tool is carefully designed to ensure maximum cutting perfor-
mance while minimizing the resulting cutting forces. A detailed analysis of the cutting
edge geometry is also necessary for the development of the force model. The important
characteristics of milling tools are the macro geometry (cylindrical, ball-end, bull-nose,
tapered ball-end mills. etc.), the micro geometry (helix angle, rake angle, relief angle,
ball radius. etc.), the cutting material (carbide, HSS and PCBN), and coating material
(e.g. TiN, TiALN).

In general, several aspects are considered concerﬁing the cutting edge geometry:

- A positive rake angle improx)es the shearing and cutting actions and decreases the
forces, but weakens the wedges and more susceptible to wear and breakage.

- High helix angle "smoothens” and reduces the impact force during entry cutting.

- Presence of clearance angle reduces the rubbing on the machine surface thus improves
the surface finish, but at the expense of weakening the wedge and more importantly,
reduces process damping and incréases the likelihood to chatter vibrations. A second

clearance angle may be provided to reduce the amount of grinding during sharpening.

One common approach in modelling complex milling cutters is by numerical method.

17
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The tool and its cutting edge geometry aré discretized and recorded by a coordinate mea-
suring device, and the data is used to construct fhé curve through fitting. This method
requires extensive computational time and vast amount of data to be stored. Moreover,
the same data cannot be applied to any other design or in the case of regrinding of the
cutting edge shape. Therefore, simple mathematical models are desirable which would
increase the accuracy of the mechanistic model. Such models would also eliminate the
need for extensive testing to determine the functional relationship of model parameters.
The following section will begin by examining the geometric modelling of four practically

used milling cutters, as shown in Figure 3.1.

3.1.1 Modelling of Cylindrical End Mill

Figure 3.1.a shows the common nomenclature for a helical end mill with Ny teeth. Each
flute is inclined at a constant helix angle 75 and the immersion angle for flute j changes
along the axial direction. For cylindrical cutters which have a constant radius and helix
angle, the immersion angle varies linearly with the height. At a height of z, the angular

position W of a cutting point on flute j can be described as:

U(z2) = 0+ (j ~1)g, — if—tmo' (3.1)

0

where Ry is the cutter radius, ¢, = 27 /Ny is the cutter pitch angle. 8 is the base angle
of the reference flute in global coordinate system.

It should be noticed that, the cutting action on a milling cutter with straight edges
is equivalent to orthogonal cutting with a tool having the same rake angle. Similarly, a
helical cutting edge on the cutter is equivalent to an oblique tool with an inclination angle

10. The application of the geometric similarity between the two processes will become

apparent in the derivation of the milling force coefficients in chapter 4.
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Figure 3.1: a) Cylindrical End Mill, b) Ballend Mill, ¢) Bullnose Mill, d) Tapered Ballend
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3.1.2 Modelling of Ballend/Bullnose Mill

With ballend and bulinose end mills, the exact description of the cut geometry is com-
plicated because the points along the cutting edge generate trochoid curves. Thus, there
are complex relationships between the machining parameters (feed per tooth, depth and
width of cut) and technological parameters (chip thickness and cutting cross section). In
most cases, those relationships can only be found using numerical methods.

Another important difference between using balleﬁd mills and end mills in maéhining
is the speed of material removal or the cutting speed. A ball end mill cuts at a portion
of the sphere near the axis of rotation and thus has various cutting speeds. With end-
mills, however, the material is always cutting at the periphery of the cutter at a constant
cutting speed. |

A .bullnose milling cutter (shown in Figure 3.1.c) has vertical cutting.edges and each

flute lies on the envelope of the hemisphere. Due to its zero helix angle, any cutting point

on the same flute j has a constant angular position ¥,

Vi=0+0—1)¢s (3.2)

and the height z can be expressed in terms of the angle x between the cutting point and

the z-axis in the vertical plane as,

z = Rg(1 — cosk) (3.3)

The parametric equation of cutting edges with non-zero helix angle is more compli-
cated (figure 3.1.b). The detailed geometry of a helical ball end milling cutter is shown
in Figure 3.2 a-d. Each flute lies on the surface of the hemisphere, and is ground with a

constant ‘helix lead. The flutes have a helix angle of 15 at the ball-shank meeting bound-

ary (figure 3.2.a). Due to the reduction of radius at (z — y) planes towards the ball tip
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in axial (z) direction, the local helix angle i() along the cutting flute varies for constant

helix-lead cutters. The expression for the envelope of the ball part is given by,

2+ yt o+ (Ro —2)? = R2 (3.4)

where R; is the ball radius of the cutter measured from the center of the sphere (C). The

cutter radius in z — y plane at axial location z is,
R*(2) = 2* +¢* (3.5)

and it is zero at the ball tip. The 2z coordinate of a point located on the cutting edge is,

Royp
2 = :

tClTL'I;()

(3.6)

where 1 is the lag angle between the tip of the flute at z=0 and at axial location z, and
it is due to the helix angle. 1 is measured clockwise from + y axis, see Figure 3.2.b. The
center of the local coordinate system coincides with the global coordinate system X-Y-Z
on the dynamometer shown by ball tip point 0 in the ﬁgufe.

For cutters which have constant lead length, the local helix angle is scaled by a radius

factor and can be expressed as,

R(Y)

tan(y) = e

tan 7:() (37)
From the equations given above, the cutter radius in z — y plane, which touches a point
on the helical and spherical flute located at angle v, can be expressed as,

'

R($) = Roy/1 ~ ($cot?ip — 1) (3.8)

A vector 7 is drawn from the cylindrical coordinate center (C) to a point on the

cutting edge and defined by,
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Figure 3.2: a-d Geometric model of Ballend cutter
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Figure 3.3: Geometric parameters along ballend cutter
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7() = R(%)(cos 1 + sin7) + Rotp cot igk (3.9)

The length of an infinitesimal curved cutting edge segment, dS along the ball part is

computed from,

dS =|| dF |= \/(R'(v))? + R2() + R cot? iodyp (3.10)

where R'(v) is the derivative of R(v))

—Ro(4 cotig — 1) cot 79
\/1 — (¢ cotzg —1)2

From Figure 3.2.c, the radial rake a, and relief angle ay are both defined in x-y plane

R(y) =

(3.11)

and the normal rake angle a,, is measured on a plane passing through the cutting point
and center of the ball, see Figure 3.2.a.

Figure 3.3 shows the variation of helix angle, normal and radial rake angle in the axial
direction along a flute. As formulated, the local helix angle ¢ approaches the nominal
helix angle 79 at the ball-shank meeting point, i.e. 2z = Ry. A point on the flute j at

height 2 is referenced by its angular position ¥ in global coordinate system,

U(2)=0+( —1)p, — Riotmo (3.12)

where Ry is the ball radius, ¢, = 27/N; is the pitch angle of the cutter, and 8 is the
rotation angle of reference flute 5§ = 1. 8 is measured clockwise from y—axis, and from

the center point O.

3.1.3 Modelling of Tapered Ballend Mill

Tapered ballend mills (Figure 3.1.d) are widely used in manufacturing components with

low curvature surfaces such as those encountered with turbine and compressor blades.
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There are two commonly used tapered end mill, each possesses slightly different cutting
edge geometry. A constant lead tapered mill has constant pitch but variable helix angle
along the cutting edge due to the change in radius, while a constant helix tapered mill
has a smaller pitch at the tip but larger pitch closer to the shank.

The parametric equation describing the cutting edge on a constant lead tapered mill

1s given by,

R(¢) = Ro(1 + yeotigtany) ' (3.13)

Similar to the equations developed for ball end mills, the position angle 1 defines the
position of any point on a cutting edge. Rg is the radius of the cutter at the tip, ¢ is
the helix angle at the tip and + is the half-apex tapered angle. These cutters are usually
combined with ball shaped flutes and referred to as tapered ballend mill. The equation

of the cutting edge on the taper part which starts at 1,q is,

R(¢$) = Ro[l 4+ (¢ — va0)cotigtany| (3.14)
where ’(,baO,‘ representing the ball/taper intersection point, is obtained by substituting
(z = Ro) into Eq. (3.6), resulting in

Yao = tanio : (3.15)

3.1.4 Cutting Geometry and Chip Thickness Calculation

During cutting, the tool edge penetrates into the workpiece material and removes a chip
section which runs along the rake face. The chip thickness prediction is a key to milling
analysis as the instantaneous cutting forces are proportional to the cross-sectional chip

thickness at each tooth edge and its maximum value is always a good indication of the

process load. Unlike in turning where the chip thickness is always constant and can be
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set directly, the chip thickness varies in milling and, in general, depends on the workpiece
geometry, the tool location and geometry, and the cutting parameters such as the axial
depth of cut and the feed direction simultaneously. The following‘ section summarizes the
solutions to the chip thickness prediction of simple milling operations. Later in chapter 5,
a more accurate numerical model which incorporates the exact kinematics of the process
~ will be compared against the closed form solutions.

For example, Figure 3.4 shows a typical milling operation where the cutter periphery
is in full contact with the workpiece, and the workpiece is fed perpendicularly towards a
rotating cutter in the feed (x) direction, the actual shape of an undeformed chip is rather -
complex as the cutting edge traverses a trochoidal path proven by Martellotti [2].

—1¢Rp—d
RO+%[’#ﬁCO3 1(—’%3—)-*8:

ROSt 2
t i { san THo—§se

v w1y Rg—d
R0+2—rﬁcos 1(—%{)—-)_—3:

1, .
bt R g ]

(3.16)
ﬁ+Ro)m—1(5%-;—‘i‘)—st

A . (
\/( 27N )2 + R02 + WROCOS[ ri+Ro—2s, ]

2nxN

The above expression, although it accounts for the continuous motions of both the
cutter and the workpiece, is too complex to be applied in practice. Various approxima-
tions, such as assuming a circular tooth path, or neglecting the effect of the table feeding
term (v/27 N)? in the expression, havé been - made to give the most commonly used chip

thickness expression in milling analyses, 1.e.

(9, 0) = ssin(W¥) (3.17)

In practice, the cutting speed is much greater than the table feeding speed and the
above equation gives good prediction of the chip thickness in the x-y plane, normal to
the cutting edge in the case of cylindrical cutters. In ballend/bullnose milling, the chip

thickness normal to the cutting edge on the spherical surface, denoted by t,-l, 1s a function -

of both the radial position angle f and the axial angle x as shown in Figure 3.2 d,
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Figure 3.4: Common milling geometry and chip formation
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tw(1,0,k) = shtsin(\l'l)sin(n) (3.18)

where
()

0

‘K= s1n_

(3.19)

The two chip thickness formulations (Eq. 3.16 and Eq. 3.17) are plotted in Figure
3.5 at two cutter locations (2 = 0.1Rg and z = 0.25R;). The radius of the cutter is
10mm and the feed rate is 0.127mm/tooth. From the ﬁgure, it can be seen that, the
error introduced by the above analytical chip thickness expression is significant only in
areas around the ball tip. Hence, the use of exact kinematic model of chip thickness
formulated by Martelotti will not significantly improve the results when the axial depth
of cut is not too small.

The chip thickness in other unconventional milling operations, for instance, when the
workpiece geometry and the cutter orientation vary, requires a much involved analyses.
Analytical solution is usually not possible as the tool/part engagement limit can become

irregular and has to be identified with the available solid modelling system [34].

3.2 Conclusions

In this chapter several common milling cutter geometries, in particular, ballend mills,.
were thoroughly investigated. An analytical model of the spiral edge on the ballend
was developed. It considers the chip thinning effect, variable helix angle and changing
cutting speeds which are unique in ballend milling. The use of simplified chip thickness
formulation was justified and the error was found to be insignificant except at very low
axial depth of cut. The derived cutter geometries and the helical cutting edge orientation

will be used to formulate the cutting forces during the dynamic milling process in the

following chapter.




Chapter 3. Geometric Modelling of Milling Cutters

0.14
3
E
@o
@a
[
c
E 1
o
£006¢--- - L T e RPN N
a2
004 3 - - - A - L
o2t -/ L I RN
0 + . + + + + +
0 20 40 &0 80 100 120 140 160 180
Rotational angle [deg.]
0.14
0.12 : ) T
oot : . ; e NG
|3 V A .
E . o =025
by 0
7] B T -4 L N
2 0.08 : 4 ‘ D
c . , , o
x
] ) .
S 0068 F - - - -5 - e Tt
o e . . ,
80‘04*“_ By A 1 N N i Do o R I N
X ' . ‘ \
0.02 ; , : Z
0 + + + + + T +
[o] 20 40 60 80 100 120 140 160 180
Rotation angle [deg.)

29
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Chapter 4

Modelling of Milling Forces

4.1 Introduction

In the machining of complex and costly parts such as those involved in aircraft or die
and mold industries, prior knowledge of the milling forces, surface form errors and chatter
vibrations is essential to assist engineers in designing machine tools, jigs and fixtures. It
can also helps them in selecting economic cutting conditions to redﬁce tool deflection and
chatter vibrations which affect the surface quality of the finished parts. For instance, if
the chip load is selected to be too large, the forces cause chipping of the cutting edge or
even tool breakage, while a small chip load will increase the percentage of deformation
and friction action in the process which leads to higher temperatures, abrasive wear,
and poor surface quality. The basic difference between predicting cutting forces from
empirical testing and metal cutting theory is that in the former, tests are required for the
specific cutting operations and the approach usually considers the influence of practical
rather than fundamental variables. Therefore, it may be difficult to apply data from one
process to another. The second approach, which involves a more detailed analysis and
testing procedure, aims at determining the fundamental machining parameters which
may be useful in solving various cutting processes.

‘Many investigations have been made into the nature of the cutting forces during

milling [4, 12, 35, 34]. Cutting forces are evaluated in the following way, a complete

representation of the chip load on the end mill at any instant is obtained by integrating
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the chip area on the cutter by considering thin disc-like sections along the axis of the
cutter. The location of each section is first determined and for each flute engaged in
the cut, the chip thickness times the chip width yields the chip load. As the angular
position of the cutter changes, the chip load is recomputed. Traditionally, cutting force
coefficients are calibrated experimentally for a particular tool/workpiece set through
empirical curve fitting techniques in which polynomial regression models are developed
to relate the average chip load to measured average forces. The milling force coefficients
are then applied in an analytical model which predicts the cutting forces produced by
the same cutter in other machining conditions. The mechanistic approach described
above usually results in simple formulation and accurate predictions in the cases with
~ cutters of simple geometry such as cylindrical end mills or face mills. However, it suffers
a few shortcomings. For cutters with complex geometry, such as ballend mills where the
cutting edge geometry changes in the axial direction, the applicability and flexibility of
the mechanistic approach will be greatly reduced. More calibration tests are required
since the milling force coefficients become functions of multiple geometry factors.

A second approach deals with the unified mechanics of cutting was first presented by
Armarego (14, 17, 18]. Each cutter tooth is partitioned into a series of axial elemental
oblique tools. Then the cutting geometry of each in-cut tooth element is identified and
thin shear zone mechanics of cutting analyses are applied to obtain the resultant force.
This mechanics of milling approach, which results in the estimation of the milling force

coefficients from orthogonal machining data, will be studied, and applied in this chapter,

to milling force prediction with ballend cutters.
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4.2 Milling Force Models

Two milling force models will be presented here. The average force model, which involves
calibration of each milling cutter prior to the predictions, and the mechanics of milling

approach, which is more suitable to apply on cutters with complex geometries.

4.2.1 Mechanistic approach with Average Force Model

It has been shown by Sabberwal [4, 35| that force predictions may be made by considering
the tangential cutting force to be proportional to the chip load and the radial force

proportional to the tangential force,

dF, = Kyt.da, (4.1)

dF, = KpdF, (4.2)

where dF, is the tangential force on a disc element,
dF, 1s the radial force on a disc element,
da, 1s the thickness of the axial discs,
t. is the chip thickness from Eq. (3.17), and

Kr, Kg are milling force coefficients.

One common method used in estimating the milling force coeflicients is to assume average
values at all the cutting points. This allows the above integrations to be evaluated
analytically. Average force expressions are obtained and the values for Kt and Kr may

then be solved by relating the expressions to the measured average forces. The milling

force coefficients, in general, vary with the machining conditions. For cutters with simple
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geometry such as cylindrical end mills, it has been shown that, they are strong functions
of the average chip thickness [36]. Therefore, empirical models are developed to predict
them as functions of the average chip thickness. The above model is modified and adapted
to ballend milling in the following section.

The geometry of a cutting edge on the ballend cutter was shown in Figure 3.2 c. A
set of curvilinear coordinate system normal to the ball envelope is used to specify the
resultant cutting forces acting on the flute. The elemental tangential, radial, and axial

cutting forces dF;, dF,,dF, acting on the cutter are given by

dF,(0,2) = K.dS + Kictn(6,9, x)db
dF,(0,2) = K;edS + Kyetn(8,%,5)db (4.3)
AFu(0,2) = KoudS + Kacta(8,, 5)db

where t,(8,%, k) is the uncut chip thickness normal to the cutting edge, and varies
with the position of the cutting point. The cutting forces are separated as edge (e) and
shear cutting (¢) components. The edge force coefficients ( Kie, Kre, Ko ) are in [N/mm)|,
constant and lumped at the edge of the flutes. dS is the differential length of the curved
cutting edge segment given by Eq. (3.10). In the mechanistic approach, the shearing
coefficients K., K,., K, are identified from a set of standard milling tests with the same
cutter and workpiece.

The resultant forces in Cartesian coordinates are obtained by introducing the trans-

formation matrix T

{deyz} = [T]{dFrta} (4-4)
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-'dFm —sin(k)sin(W¥) —cos(¥) --cos(k)sin(¥) dF.
dF, | = | —sin(k)cos(¥) sin(¥) --cos(k)cos(¥) dF,
] dF, ] L cos(k) | 0 —sin(k) ] L dF, ]

The total cutting forces acting on one flute with an axial depth of cut z:

{F}:/ dF (4.5)
where the differential force components are dependent on the engaged flute segment

length dS, instantaneous chip load t,(¢, 2, k), the local rotation (8) and lag angle ().

3

Fol0(2)] = [22( —dF,jsin(k;)sin(¥;) —dFycos(¥;) —dF,;cos(x;)sin(¥;))dz
Fy;l0(2)] = [7( —dF,jsin(k;)cos(¥;) +dFy;sin(¥;) —dF,;cos(x;)cos(¥;))dz

F,;[0(2)] = f;f( dF,; cos(k;) : —dF,;sin(k;))dz

(4.6)

When the helix angle is zero, i.e. straight cutting edges as in bullnose cutters, the lag

angle (1) is constant for each flute and it is possible to integrate the above expressions

analytically to obtain a close form solution for the cutting forces. However, in that case,
constant milling coefficients are assumed.

The integrations given above are calculated numerically by evaluating the contribution

of each discrete cutting edge element at dz intervals.. However, geometric considerations

must be taken when the edge segment is outside the immersion zone. 1.e. If the edge is

not in contact with the workpiece, the contribution to the cutting forces is zero.
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Assuming average milling force coefficients K, K., K, along the cutter axis, the

above integral can be evaluated and averaged over one revolution of the cutter.

Fm - .R;Irem + —Kr_c-[rca: '|' K—le-[tez: _}_ _}—(zltcz ‘l’ _K;:Iae:c + K_acIaca:

E - KreIrey + Krc]rcy + —K:Itey -+ K_thtcy 4’ K_aeIaey + Kaz:]acy (4 7)

T: = K_reIrez + K—rc]rcz + T(—L:Itez 'l‘ —[?L:[tcz + R:;Iaez + T(_a:]acz

where I,.; and I (: = z,y, 2) are functions of geometric variables such as local radius
and immersion angle. They have to be evaluated numerically. The above expressions for
the average forces are assumed to be constant over a complete revolution of the cutter.
As proved by Whitfield [37], the helix angle does not have any effect on the average
forces since the total amount of chip load remains constant in every revolution. Thus
the milling force coefficients can be estimated, by applying least squares minimization
technique, for each axial depth of cut, and as functions of average chip load and cutting
speed.

Determination of Edge Force Coeflicients: The average forces are obtained from

experiment and plotted against the chip thickness and axial depth of cut as shown in Fig-
ure 4.1. Then the edge forces are obtained by extrapolating the measured average forces
té zero chip thickness (Figure 4.2). A finite average force value at zero chip thickness
reflects the existence of a secondary ‘rubbing’ process. The average edge-force coeflicients
K,., K., K,. represent the rubbing forces per unit width, normalized with respect to the
flute length '. Past research show that the edge forces do not depend heavily on feed
rate {16].

YThe in-cut flute length is obtained by integrating dS in Eq. (3.10) numerically
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The effect of cutting speed has on the edge force coefficients is investigated by con-
ducting tests at similar cutting conditions but with different spindle speeds. Although
the cutting speed varies in each test due to varying cutter radius, results sﬁow that [31],
the edge forces do not vary significantly with cutting speeds for the particular workpiece
material (16 Al4V') used here.

The cutting components of the average forces are used in the evaluation of the cutting
force coefficients. Results are plotted and shown in Figure 4.3. 1t can be seen that, due
to variable cutting geometry along the axis of the cutter, the cutting force coefficients are
strong functions of both the chip load and the axial immersion of the cutter. As a result,
high order polynomial curve fitting technique is required to calibrate the coefficients
for different axial depths. Due to the limited use of the mechanistic approach, the
identification procedure will be kept outside the scope of this work. Similar works can
be found in references [15, 16].

It can be seen that, the mechanistic approach requires vast amount of cutting data
for each new cutter geometry and more importantly, the data cannot be generalized to
be applied on other cutters as there is no explicit relationship between the tool geometry,
cutting conditions, and the cutting force coefficients. Moreover, the empirical polynomial
fitting does not give physical insight, for instance, the shearing resistance and the friction,

in the process.

4.2.2 Mechanics of Milling Model

The mechanistic approach used in the previous section involves empirical curve fitting
and assumes constant and average values which may not be suitable to be applied on
cutters with complex geometry as the cutting force coeflicients (K, Kqc, Krc) may be

dependent on the local cutter geometry and cutting geometry (i.e. local chip thickness).

In this section a mechanics of cutting analysis for the milling operation with complex
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Figure 4.1: Average Forces vs Feed rate for different axial depth of cuts in ballend milling
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ballend cutters is developed and experimentally tested. The section will begin by ex-
amining some milling variables such as tooth helix aﬁglé, normal rake angle, and local
chip thickness and their importances to the milling force analysis. The milling process 1s
then examined theoretically, drawing emphasis particularly on its relationship with the
fundamental theories of orthogonal and oblique cutting. It will be shown how the funda-
mental two dimensional orthogonal cutting model can be applied on the milling analysis
and more importantly, how the required milling force coefficients can be estimated from
the orthogonal machining data through oblique transformation.

Figure 4.4 shows the instantaneous geometry of a helical cutter during a milling
operation with one tooth engaged in cutting at a given cutter orientation . The material
approaches the flute at a speed approximately equal to the tangential cutting speed so
that the cutting edge is inclined to the resultant cutting speed by the helix angle. Thus
the cutting action may be considered equivalenf: to an oblique cutting process with a
variable cut thickness and constant width of cut equal to a. Unlike orthogonal cutting
which has a two dimensional cutting geometry, oblique cutting is a more general case of
the cutting operation and is the appropriate model to represent milling with helical tool.

As in orthogonal cutting, the analysis is aimed at developing equations relating the
three force components Fp, Fi, Fg to the cutting chip geometries, b and ¢, the tool ge-
ometry a,,1, the deformation geometry ¢,,7., the workmaterial property 7, and friction
characteristic 8 at the tool/chip interface. For oblique cutting, the primary shear and
friction forces lie on an orientated plane affected by the local helix angle and rake angle.
Therefore, a geometric transformation has to be performed to obtain the resultant forces
normal and parallel to the cutting edge.

Other important parameters required in the elemental oblique force prediction model

are the inclination angle and the normal rake aﬁgle, or the velocity rake angle. As

mentioned above, the inclination angle is the local helix angle on the cutter and the




Chapter 4. Modelling of Milling Forces | 41

x-y plane

Figure 3a . Cutting geometry of an infinitesimal edge AB t i
i

dFr Cutting edge

-

View in axial (a) direction

ta (, 6, x)

View in tangential (t) direction View normal to cutting (FP)
edge (in r direction)

Figure 4.4: Oblique Cutting Geometry of a Ballend Mill
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normal rake angle is defined in the plane perpendicular to the cutting velocity. Thus the
working angles for the elemental oblique cuts can all be related to the local tool angles

given in the cutter geometrical specifications.

1

4.2.3 Prediction of Cutting Force Coeflicients from an Oblique Cutting Model

In this section, the mechanics of milling approach will be applied on ballend mills. The
pressure applied on the cutter due to ploughing and cutting is related to the toté.l forces
~ with edge force coefficients K., K, Kqe, and cutting force coefficients K,., K., Ko and
they will be estimated from basic machining parameters. |

Ball end mill flutes are treated as combination of series of oblique cutting edge seg-
ments. An oblique cutting geometry based on the t.hin shear zone model is shown in
Figure 4.4. The chip velocity V. is inclined at an acute angle i to the plane P, normal
to the cutting edge. All the following equations will be written on this plane P,, which
also has its orientation changes along the cutting flute due to the change in radius of the
cutter.

The elemental width db of the active cutting edges on all teeth in the axial direction
depends on the axial depth of cut a and the number of elements selected. Due to helix,
the uncut chip thickness seen by each tooth element is different and can be approximated
by Eq. (3.17).

From Figure 4.4, db is the projected length of an infinitesimal cutting flute in the
direction along the cutting velocity. It should be noted that db is consistent with the
chip width defined in the classical oblique cutting theory. The relationship between db

and dz is given by:

db

(4.8)

SIMK
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Applying Merchant’s theory, resolving the resultant forces due to ’cutting’ on the

shear plane into three mutually perpendicular components yields ([19], [38]),

o _rbt cos(fB, — @) + tann, sin B, tans )

P T sing, c
F — Tbt . Si.l](,B" _ an)

4 S1n @, COS 1 c (4.9)
Fo— Tbt cos(ﬁn — oz,,) tani — tan7, sin G,

T T sing, c

where
c= cos2(c/5,, + B — an) + tan? 7, sin® 3,

F,, F,, F, are the power, thrust and radial forces acting on the oblique cutting edge

segment, respectively. The normal friction angle, 8, is defined as,
tan 0, = tan 8 cos . (4.10)

where 3 is the average friction angle at the rake face of an orthogonal cut, and 7. 1s
the chip flow angle(angle between a perpendicular to cutting edge and the direction of
chip flow over rake face, as measured in the plane of tool face). The normal rake angle is
constant, and set during cutter grinding. T'he normal shear angle, ¢,, is obtained from

the cutting ratio

tan ¢, = — b n (4.11)

1 -7, sinay,

7y 1s the chip thickness ratio in oblique cutting and is related to orthogonal parameter

Cos 7.

rbyr,=r
y T oS 2

. This relation isobtained from the mass continuity equation of the

chip before and after the cut. To further simplify the model, Stabler rule [39] is applied
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in which the chip flow angle 7. is approximated by the local inclination angle 7. From
Figure 4.4 in which a small segment on the ball end cutter is shown, the tangential,
radial and axial force components dF,, dF,,dF, are cofnpatible with the power, thrust,
and radial force components Fy, F, F, in oblique cutting when the elemental cut thick-
ness ¢ and width of cut b are given by the instantaneous chip thickness t,,;(¢,0, ) and
length dz/sin(x) [17]. Thus the milling force component coefficients due to 'cutting’, i.e.

K., K,. and K,., can be expressed in terms of the transformed cutting coeflicients.

K. - 7+ cos(fB, —a,)+ tann.sin B, tanz
ke 7 sing, ¢
_ T sin(f3, — a,,)
Kee = sin ¢, cos 1 ¢ (4.12)
K — 7 cos(f, — a,)tant — tan7.sin G,
a 7 sing, c '

The edge force coefficients, which represent the rubbing force on a unit length basis,
will be identified from orthogonal cutting experiments and can be directly used on the
cutter edge, taking into consideration the orientation factors. Cutting pressures in tan-
gential, radial and axial directions are calculated locally along each cutting flute segment,
and elemental forces are summed along each cutting edge to evaluate the total cutting
forces.

Orthogonal Cutting Parameters: A set of turning experiments resembling or-

thogonal cutting was conducted on Titanium tubes (T16Al4V) with tools of different
rake angles over different feeds and cutting speeds (See Figure 4.5). The diameter of the
-tube was 100 mm (0.D.) and the thickness was t = 3.8lmm. The cutting speed range

was from 2.6 to 47 m/min. Resultant forces in the power (F.) and thrust (F%) directions

were measured with force dynamometer. Small steps in cutting conditions were used to
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increase the reliability of the measured forces. Since the measured forces may include
both the forces due to shearing and a secondary process “ploughing” or “rubbing” at the

cutting edge, the edge force model given in section 3.2 is applied, and the measured force

cornponents are expressed as:

Fp, = Fpe+ Fpc (413)
Foi = Foe + Foc
The edge forces are obtained by extrapolating the measured forces to zero chip thick-
ness. From Figure 4.6, it can be seen that the edge forces do not vary significantly with
cutting speeds and rake angles for the particular workpiece material (Ti6A14V) used
here. The average edge force coeflicients K., K., K, represent the rubbing forces per
unit chip width. The K,. value is usually small and taken as zero [17].
The chip compression ratio (r), shear stress 7, shear angle ¢, and friction angle 3 are

calculated from the measured ’cutting’ component of the forces and the cutting ratio by

applying the orthogonal cutting theory presented by Merchant [3].

(ch cos ¢ — Fg.sin (]S) sin ¢ \

T = bt
_ _rcosa
tang = 1= rsino : (4.14)

FQC + Fp.tan a

tanf = Fp. — Fg . tana

The fundamental machining parameters, the shear stress (1), average friction angle 3,

chip compression ratio r, are estimated by employing least square curve fitting technique

to the measured orthogonal test results. Results are shown in figures 4.7, 4.8, 4.9.
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The identified relationships are summarized in Table 4.1. From the results, it is ob-
served that:
1. The shear stress does not vary significantly with either the rake angle or the cutting
speed. It is higher than that found from conventional materials tests due to high shear
strains, shear strain rates and temperatures involved in machining,.
2. The cutting ratio, however, depends slightly on the uncut chip thickness.

3. The average friction angle on the rake face is expressed as a function of the rake angle.

" These relationships are valid only for the particular workpiece material (T26Al4V)

tested here, and other materials may exhibit different relationships.

Table 4.1: Orthogonal cutting data

T = 613 MPa

8 = 19.1 4+ 0.29«

T = 7r,t®

To = 1.755 - 0.028«
a = 0.331 — 0.0082«
K., = 24 N/mm

K,. = 43 N/mm

After the above data base is completed, milling force calculation can be made for any
milling cutter geometry by using the same orthogonal data. As an example, consider
the ballend mill geometry shown in Figure 3.2. Cutting velocity and helix angle vary
from 0° at the ball tip to finite values at the ball/shank intersection, resulting in variable
cutting conditions along each cutting flute. The in-cut portion of every cutting edge
is first divided into small sections, from which each section is treated as an oblique

cutting tool with a different cutting velocity and helix angle. For this reason, milling

force coefficients have to be evaluated locally according to Eq. (4.12), using the un-cut
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chip thickness identified from the instantaneous immersion of each section. Total milling
forces at any cutter location can then be obtained by integrating all the force components
dF;,dF,, and dF, and transforming into the global coordinate system (X,Y and Z). The
flow chart of the milling force prediction procedure based on the generalized mechanics

of cutting approach can be found in Figure 4.10.

4.2.4 Simulation and Experimental Verification

The proposed cutting force models have been assessed by means of numerical simulation
and experimental testing of the forces over a wide range of conditions encountered in
milling. More than 60 cutting tests were conducted on a vertical SAJO CNC milling .
machine with 30 degrees nominal helix, single flute, carbide ball end mills.

The experimental set-up is shown in Figure 4.11. During milling tests, the cut-
ting forces were measured with a Kistler Model 9257A three-component dynamome-
ter and recorded by a PC equipped with a 16 channel data collection board, through
charge/voltage conversion amplifiers. A microphone was also set up to measure any sig-
nificant sound pressure fluctuation during machining caused by~(;hatter vibrations. Slot
cutting experiments were selected on Titanium alléy (T:6Al4V) at different feeds and
axial depth of cuts with cutter rake anglves ranging from 0 to 15 degrees. Titanium alloy,
which has high strength to weight ratio and low thermal conductivity, was selected as the
workpiece material. Its application can be found mainly in the aerospace industry where
high strength, high temperature resistance materials are desired on engine components.
T16 Al4V remains one of the most difficult material tu be machined due to its high shear
stress (more power in shearing the material) and low temperature gradient during cutting

(thus low cutting speed).

Cutters with two different radius were used (6.35 and 9.525 mm). The tests were
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conducted without lubricant. Cutting conditions for the tests and simulations are sum-

marized in Table 4.2.

\F

Table 4.2: Cutting conditions for static ballend tests and simulations

Ry = 6.35,9.525 mm

a, = 0-15 degrees’

19 = 30 degrees -

Ny =1

s¢ = 0.0127 - 0.127 mm/tooth
a = 1.27-8.89 mm

N = 269 RPM

The solution of Eq. (4.6) is obtained by applying numerica.li integration technique.
The cutter is first discretized axially into small discs with different radii, the lag angle of
the flute j at height z in global coordinate is given by Eq. (3.12). The forces for multiple
fluted cutters are obtained by summing the forces acting on the individual flutes in cut.
The immersion of the cutter in the workpiece is an important factor in determining the
cutting forces. In general, the contact zone between the cutter and the workpiece can
be found by examining the instantaneous immersion angle of all cutting points on the
cutter digitally against the entry and exit angles. At any tool rotation angle 8, it is first
checked that whether the flute is in or out of cut. For example, in half immersion up

milling the flute segment k is in cut if (¢x); > 0 and (¢%); < 7/2 .

Using the predictive force model with classical orthogonal cutting machining param-
eters, the simulation and experimental results were compared. The percentage difference

between the predicted and experimental results has been used to evaluate the statistical

reliability of the model.
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Figure 4.12 shows the histograms of the peréentaée errors and the mean values of
the average forces. It can be seen that the model provides, both qualitatively and quan;
titatively, sound predictions of the cutting forces in all three cofnponents, with mean
deviation of -0.93 % for average Fx, 1.36 % for average Fy, and 3.03 % for average Fz.
The corresponding ranges in percentage deviation are -30 % to 25 % for average Fx, -25
% to 15 % for average Fy, and -35 % to 40 % for average Fz. In Figure 4.13, a sample .
simulation of cutting forces for a slotting test with axial depth of cuts a = 1.27mm and
6.35mm at feed-rate fy = 0.0508mmpertooth are shown for a single fluted cutter with
zero rake angle. The cutting force pattern in the axial difectior; is dominated by the
ploughing action between the flute and the material. As soon as the flutes enter into
cut, the flank forces develop rapidly while the chip thickness is still small. In Figure
4.14 , predicted and measured cutting forces for a slotting test with different sizes of
cutters are shown. The predicted and simulated cutting forces are in good agreement.
In a separate case, half immersion up-milling tests with axial depth of cut a = 6.35mm
but with two different feed-rates of f3 = 0.0508mm/rev and f; = 0.1016mm/rev were
conducted. Again, the predicted and measured cutting forces, as seen in Figure 4.15, are
in good agreement except with slight phase shifts at the exit due to difficulty in selecting

the reference point in the half immersion test data.

To further validate the developed geometric and cutting force models, simulations and
experiments were perforrmed on multi-fluted ballend cutters. A three fluted ballend mill
with a zero rake angle and angular grinding tolerance of (42°, —2°) was used in the tests.
For the experiments conducted, the tool holder and spindle were both very stiff, making
the runout level quite small, (the maximurm radial runouts measured at the ball-shank

meeting region of the flutes were 0.015mm, 0.0lmm and 0.0mm), therefore the effect of
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runout on the resultant cutting forces, as seen in Figure 4.16, was minimum.

4.3 Conclusions

A generalized cutting force model was developed for common milling operations in this
chapter. The cutting forces were modelled by separating the shearing and edge friction
components on the edge. Milling force coeflicients were obtained from an orthogonal ma-
chining data base using oblique transformation, which eliminates the need of calibrating
for each cutter geometry. The data base was applied on milling with ballend cutters
in which the model was experimentally verified, both qualitatively and quantitatively.

The results should help the process planners in designing tools and in selecting optimum

cutting conditions prior to each operation to increase the productivity.
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Chapter 5

Dynamic Milling and Chatter Stability

5.1 Introduction

A vibration system can be represented, in the most simplest case, in terms of a single
degree of freedom system with a mass m on a restoring spring of stiffness k and a dashpot
with damping ¢, as shown in Figure 5.1. The equation of motion can be obtained using

Newton’s second law:

mg (t) + cg (¢) + kg (1) = Fy(t) | (5.1)

This form of equation is useful in cases such as free vibration, (Fy(t) = 0) and forced
vibration, when the forcing functions come from external sources or from the cutting
process. However, there are systems for which the exciting force is a function of the
motion parameters of the system, such as displacement, or velocity. Such systems, as
occurred in dynamic milling, are called self-excited vibrations or chatter since the motion
itself produces the exciting force.

Although very few practical structures could realistically be modelled by a single
degree of freedom system, the properties of such a system are very important since those
for a more complex but linear multidegree of freedom system can always be represented
as the linear superposition of a number of single degree of freedom systems.

The solutions to the above equation of motion usually come in two different forms.

The time domain solution which is well explored in the literature gives the response 1n

63
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discrete time domain while the frequency transfer function considers the solution in terms
of magnitude and phase of the system transfer function in frequency domain. These two
solution forms will be briefly reviewed in the following:

Consider a SDOF system as shown in Figure5.1, the equation of motion is:

Myt (8) + cp (1) + ko' (1) = Fo(t) (5.2)

The above equation can be evaluated at each discrete time interval §¢ with numerical
techniques such as recursive, discrete equivalent of the continuous differential equation.

Taking Laplace transform of Eq. (5.2) gives:

ms®z(s) + csz(s) + kx(s) = Fy(s) (5.3)

Fa(s)

(s) = ——=20 (5.4
#(s) ms? 4+ ¢s + k (5:4)

where s is the Laplace operator. The discrete time equivalent of the Laplacian operator
can be approximated using the bilinear transformation (trapezoidal integration) method

[40] by letting,

(5.5)

where z is the Z-transform operator and (T) is the time step. Substituting Eq. (5.5) into

Eq. (5.3) and after simplification gives the response z in discrete time,

x(t) = Fx(t)+2Fx(t~T)+Fx(t«%1;)—clx(t-~T)-sz(t~2T) (5.6)
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where
Co = Am.—Zetks (5.7)

This numerical solution procedure is a rapid and robust integration scheme which is
numerically stable for reasonably small time step 7', making it ideal to be used on digital
computers. The structural parameters in the equations above are usually identified by
experimental modal analysis. Modal analysis is defined as the process which is “involved
in testing components or structures with the objective of obtaining a brnathematical de-
scription of their dynamic or vibration behavior [41].” Common methods include exciting
the structure with a known source (e.g. impact hammer or shaker) and measuring its
responses (e.g. displacement, velocity, or acceleration) at different locations. The trans-
fer function is then obtained in the form known as frequency response function which is
computed from the Fourier transforms of the excitatioﬁ and the response time histories.
The mathematical representation for a frequency domain transfer function is found by
substituting (s = jw) into Eq. (5.4):

Xw) 1

Cw) = F) = thmma®) 1 jow (5:8)

which can be represented graphically in terms of i) modulus and phase angle against
frequency, ii) real and imaginary components of response with varying frequency, or iii)
vector diagram of the real component versus the imaginary component of the response.

For a SDOF mechanical structures with light damping, a sample transfer function is
shown in Figure 5.2. As described by Eq. (5.3), it gives a complete physical description

of the dynamic characteristics such as the natural frequency, damping ratio, and the

stiffness of the system based on some well-established mathematical relationships:
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wy, = \/lc/m = 2\;?—777. wdv: wny/1 — €2 _ (5_9) ;

The system parameters can be used to predict the respbnée to various excitations or
to improve the dynamic behavior of the system by design modifications. In the modal -
analysis performed in this study, the structure is assumed to be linear and the parameters -
to be time-invariant.

This chapter presents a cornprehensiveSirnulﬁtion model for dynamic milling in which
the milling cutter attached to the spindle is modelled by two orthogonal structural modes
in the feed and normal directions at the tool tip. For a given cutter geometry, the
cutting coefficients are transformed from an orthogonal cutting data base using an oblique -
cutting transformation model as presented in the previous chapter. The surface finish
is digitized using the true trochoidal kinematics of milling process at each tooth period. -
The dynamically regenerated chip thickness, which consists of rigid body motion of the
tooth and structural displacements, is evaluated at discrete time intervals,._l.)y comparing
the present and previous tooth marks left on the finish surface. The process is simulated
by considering the instantaneous régenerative chip load, local cutting force coeflicients,
structural transfer functions and the geometry of milling process. The proposed model
is capable of providing information about the severity of any resulting vibration, the
magnitude of the cutting forces, and the surface finish by combining the kinematics
of both chatter free static and dynamic cutting with chatter vibrations in a unified

mathematical model.

5.2 Modelling of Dynamic Milling

The simulation model presented in this section is similar to the earlier dynamic face

milling work presented by Montgomery and Altintas 1] with modifications being made
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for ballend milling analysis. The combination of the translating motion of the workpiece
and the rotatory motion of the cutter results in a non-circular tooth path, or described as
trochoidal. In previous investigations of the milling process [2, 12], it has been customary,
for the sake of simplicity, to assume that the path generated by the cutter tooth is circular,
which results in simple chip thickness expression. However, as shown in chapter 3, the
error introduced by fhe approximation becomes significant when the feed is high, or for
cutters with small radii, such as ballend mills which have variable radii. As the axial
depth of cut and feed per tooth are usually very small in ball end milling operations,
especially when machining hard die and tool steels, the circular tooth path assumption
may be insufficient to be applied in the analysis. Therefore, the true kinematics of milling
presented by Martellotti [2, 42] are used to obtain accurate cutting force predictions.

It should be noted that, although emphasis has been placed mainly on ballend milling,
the model presented in this chapter is general enough to be used in the prediction of

dynamic milling process for other cutter geometries outlined in chapter 3 and other

cutting conditions.

5.2.1 Dynamic Milling Implementétion

In order to model the dynamic motion of the cutting edges in discrete time domain,
the process is digitized and simulated at At[s] time intervals. Both the cutter and the
workpiece kinematics are modelled as follows:

Geometry of Tool Motion: The geometry of dynamic milling with ballend mill is

shown 1n Figure 5.3. The cutter 1s digitized into k, slices axially with a step size of
8z. The center of the coordinate system is selected as the stationary spindle axis at
(0,0,0), coincides with the tip of the cutter initially. The cutter rotates with a speed w

clockwise. Each point on the flute j at height z is referenced by its immersion angle ¥ in

global coordinate. During dynamic milling, the center of the cutter shifts by an amount
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determined by the structural vibrations in the feed and normal directions:

w(t)=2() & w)=y() (5.10)

where [z'(t),3'(t)] are the displacements of the cutter center relative to the stationary
spindle axis due to structural vibrations at time ¢.
Therefore, at any time ¢, the coordinates of a cutting edge point are calculated for

each axial depth of cut k, as,

z(k,,t) = R(¢)sin(¥)+ z'(1)
y(kz,t) R(¢)cos(¥) + y'(t) (5.11)
2(k.,t) = k.Az

I

The radial distance between the center of the spindle and the cutting edge point is,

Re(k.,t) = \Jo(k., 1) + y(k., t)2. - (512)

The corresponding discrete angular rotation interval becomes A8 = wAt. In the
beginning of the simulation, the cutter is assumed to reach its stéa_.dy state immersion
(©,) without any vibrations, therefore the static and dynamic displacements are not
considered and a smooth surface is generated by the rigid body motion of the milling
system.

One factor which influences the accuracy of the model is cutter runout, first studied
in detail by Kline and Devor [10]. The effect of cutter runout is often induced by the
tightening action of a set screw which causes the cutter to offset the tool holder. Other
sources of runout include spindle runout, and cutter errors result from grinding. As a
result, the teeth on the offset side of the holder have a larger effective radius than those

on the other side. The presence of runout increases the average chip thickness (or uneven

chip load distribution) which leads to higher force fluctuations, hence greater surface
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error. The general modelling technique is to replace the radius of each tooth, which can
be a function of the axial depth of cut, by an effective radius. Although the effect of
the runout will not be investigated in this study to simplify the analysis, it can be easily
included in the proposed cutter model.

Another possible modification to the cutter model is to include the effect of gash
generation for some complex cutters. In the case of multiple fluted ballend mills, one of
the flute is always grounded up to the ball tip while the rest of the flutes are grounded
both radially and axially away from the tip to eliminate the finished surface marks.
Again, this effect will be ignored in the following study for simplicity, although it can be
considered in the general model.

Geometry of Workpiece Motion: The workpiece surface is digitized by a number of

points and stored in Cartesian coordinates format in an array, see Figure 5.4. The center
of the coordinate system is the same as the cutters’ and it is initialized to the workpiece
geometry. The digitized éurface 1s represented by M points at each axial layer, each
having the coordinates SURF(P(m), z;), where point P(m) = {z(m),y(m)} is located
at axial depth 2z = k;Az. For example, the in plane coordinates of the digitized surface

point at an axial depth of cut z = k,Az is stored in computer as :

z,(m) = SURF(m,z,z) (5.13)

ys(m) = SURF(m,z,y)
The surface at axial layer zj is represented by points m = 0,1,2,...M, and their
coordinates are updated at each time interval At as a result of the feed motion. Unlike
in the cutter model where structural vibrations are superimposed onto the tool motion,

the workpiece used in milling, in particular die machining with ballend mills, usually has

shallow depth, tight clamping and is more rigid than the machine tool/cutter assembly.

Therefore, although vibrations can be included in the workpiece model, for the sake of
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SURF(m,x,y,z)

Figure 5.4: Dynamic model and Chip thickness regeneration mechanism in milling
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simplifying the analysis, it is reasonable to assume that the structural vibrations from

the workpiece are negligible compared to the tools’.

5.2.2 Structural Dynamic Model

Since the depth of cut is small in ball end milling operations, the spindle-cutting tool
assembly can be represented by fwo orthogonal degrees of freedom in the the feed (x) and
normal (y) directions lumped at the tool tip, see Figure 5.3. The cutter-spindle assembly
i1s assumed to be rigid in the axial direction. The modal parameters of the étructure
are experimentally identified, and represented by two mutually perpendicular or_t‘ho_g‘onal

modes in the z and y directions.
B(8) + 2awnsd (1) + W22 (1) = BRFL(1)

| , (5.14)
3§ (t) + 2(wnyy () + wflyy (t) = —é}‘Fy(t)

where (Wnz,Wny), ((e, ¢) and (kg, k,) are the natural frequencies, structural damping
ratios and stiffness in feed (x) and normal (y) directions, respectively. The Fx(t) and
F,(t) are the dynamic cutting forces calculated according to the model presented in the
previous section. The equations of motion (Eq. 5.14) are evaluated separately at each
discrete time interval At using recursive, discrete equivalent of the continuous differential
equation. The discrete time domain solution of Eq. (5.14) was given earlier in Egs. (5.6)
and (5.7).

Chip Thickness Estimation: The arc of cut is divided into M = ©,/Af angular seg-

ments, and the corresponding points on the arc of cut are stored in an array for each
discrete axial element, see Figure 5.4. In the subsequent revolutions, the structural dis-

placements are considered. The cutting edge penetrates into the workpiece due to the
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rigid body feed motion combined with the structura]‘ vibrations of the milling system.
At each time interval t, the cutter undergoes a rotation angle of 6(¢) = w x ¢, where
wlrad/s] = 27N is the angular speed and N|rev/s| is the spindle speed. The table moves
in the negative x direction with a feed speed of f|mm/s]. Therefore, the z coordinates
of all points on each axial layer z) of the surface, represented by points m = 0,1,2,...M,

are updated at each time interval At by amount of incremental feed motion f x At.

SURF(m, zy,z) = SURF(m, 2(k),z) — fAt (5.15)

for all m, and k&

Depending on the magnitude and velocity of the vibration, the cutting edge point
may be anywhere in the  — y plane of the cut. The two points, which are generated in
the previous tooth period and are closest to the new cutting edge location, ére identified
by searching the previous surface array, see Figure 5.4. Using a linear interpolation
between the two points, the point P,(m) = {z,(m),y,(m)}, which lies on the radial
vector R.(k.,t) but on the previously generated surface is evaluated.

The radial distance between the point P,(m) and the spindle center is given by,

Ru(ke,m,t) = \Jao(ke,m, 0)? + y, (., m, 1)? (5.16)

The actual chip thickness is found by projecting the difference in the radial distances

on the line which 1s passing through the ball center (figures 5.3 and 5.4),

h(t) = [R.(k.,t) — Ry(k.,m,t)]sink : (5.17)
where k has been given in chapter 3 as:

K = sin‘lé%%@ : (3.19)
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If the value of the chip thickness is positive, the tooth is in cut and the milling force
model presented in chapter 4 is used to determine the cutting force. Otherwise, the tooth

has jumped out of the cut due to excessive vibrations and the cutting force in that case

will be zero. R

The chip thickness evaluation geometry is given in figures 5.3 and 5.4. As éhe cutter
rotates at discrete (Af) intervals, the material, which is swept by the cutting edge due
to its rigid body and vibration motions, is identified and the surface points are updated.
Thus, at any time, the surface array SU RF has M number of points per axial level which
represent the instantaneous arc of cut. Since the axial depth of cut is divided into K;

number of layers, M x K, number of points represent the entire, semi-spherical shape

cut surface.

The simulation strategy is summarized as follows:
o The cutter is divided into equal number of elements in the axial direction.

e The radial planes of all axial elements, the arc of cut at each level, are digitized by

equal number of points.

e Using the exact kinematic of milling the rigid body motion of each point on the
cutting edge is calculated, and subtracted from the surface point left in the previ-
ous tooth period to calculate the chip thickness. By including static or dynamic
displaéements of the cutting edge point, the regenerétive chip thickness can be

calculated as well.

o The cutting force coeflicients are evaluated for each local chip thickness from or-

thogonal cutting data base using oblique transformation model.

e The cutting forces for all cutting edge points which are in contact with the material

are evaluated one by one, and summed and resolved in the x, y and z directions.
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o The cutting forces are applied on the structure, vibrations are obtained. (or static

deflections if the mass and damping are ﬁeglected).

e The surface 1s updated, the cutter is rotated one angular increment, and the solution

1s repeated.

5.3 Chatter Stability

The previous section provides an effective tool in predicting the onset of chatter in various
milling operations and forms a basis to the “stability lobe” diagram, where the values
for chatter free depth of cuts are shown like the one in Figure 5.5 analyzed by Smith
and Tlusty [23]. The diagram is plotted on axes of axial depth of cut versus spindle
speed. The curve shown in the diagram represents the limit of stability and separates the
unstable machining conditions from the stable conditicns. The stability chart provides
useful information for a range of milling operations, indicating which combinations of
axial depth of cut and spindie speed will be stable.

The stability lobe diagram can be best explained by examining the regeneration mech-
anism, in particular, the phase difference between the inner and outer modulations on
the surface. As shown by Tlusty [23], the “regeneration of waviness” is the dominant
factor in self-excited vibration. In vibratory milling, each cutting tooth removes a wavy
surface created by the preceding tooth, and due to excessive vibration, creates another
wavy surface. The phasing ¢ between these subsequent undulations is determined as:

¢ fe

Ny, + — = 5.18
F27r N x Ny ( )

where N, and € are the integral and fractional number of waves between current and

previous surfaces, and f, is the chatter frequency [Hz].
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Figure 5.5: Analytical and time domain stability limit predictions for a case analyzed by
Smith and Tlusty
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b)

Figure 5.6: Phase difference between the current and previous surfaces resulting from
tool vibration '
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As shown in Figure 5.6, maximum variation in chip thicknéss occurs when the phase
shift between two surfaces is 7, which causes cutting force variation to excite vibration. -
On the other vhand, constant chip thickness(stable cu.tti_ng) is obtained when there is
zero phase shift, and at certain values of €, maximum self—e,xcitationi results. | For each
integral number of wave number N,,, due to different possible values of ¢, the stability
of the system changes, as reflected in the changing height of each “lobe”. At low cutting
speeds, thé stability is high due to the presence of process d’ampi_n‘g associated with the -
tool flank face/workpiece interference [43]. Extensive éffortsrhvavé been spent on the
estimation of the _process damping. Montgomery [1] modelled the process damping by
estimating the intefference between the vibrating tool’s flank face and the cut surface..
Others [44, 45, 46, 47]‘ have tried té identify the damping during the chip forma.tion
process by using the ;Dyna,rnic Cutting Force Coefﬁéients (DCFCQC), which are determined:
mainly from experiments. In general, the process gains additional stability at low speeds |
where there are more steeper and shorter vibration waves and hence larger darﬁpi_ng. On:
the other hand, as the cutting speed increases, the stability lobes “expand”, indicating
a trend of increasing stability. Mathematically, this can be éxpla.i_ncd by the larger
change in spindle speed required to prodﬁce the same change .in"e-.bacc(.)rdi;lg to Eq.
(5.18). Therefore, the stable region between each lobe becomes wider as the spindle

speed increases.

5.3.1 Prediction of Chatter Stability from Time Domain Simulation

This section presents a useful method for deriving the chatter stability diagrarﬁ from the
results obtained by using the time-domain simulation program developed which has the
capability to predict the occurrence and severity of chatter vibrations under any .practical
milling conditions. In order to develop the stability charts as explained above, PTP

(Peak-to-Peak) graphs are used. As indicated by Smith [33], the peak to peak values,
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calculated by scanning the maximums and minimums of the vibration and cutting force
signals, provide a useful and convenient way to interpret the results obtained from the
simulations. A closed examination of the PTP values gives a good indication of the
process’s stability, which can be used to consfruct a stability diagram. The stability

algorithm is set up as follows:
e Specify milling operation, tool geometry and cutting conditions.
e Select a range of spindle speeds and spindle speed step size.

o At each speed, a simulation with a small axial depth of cut (e.g. base a = 0.5mm

in our simulations) is performed initially to obtain the PTP data for chatter-free

conditions.
e Normalize the PTP values (no chatter) for unit axial depth of cut.

e Run simulation program, stores maximmum and minimum values of cutting forces
and vibrations when the program reaches its steady state. Evaluate normalized

PTP for each new axial depth of cut.

o Compare normalized PTP values with those obtained in the based case (without
chatter). If they exceed the chatter-free values by a wide margin (25 percents in

our simulations), the axial depth of cut is reduced, and vice versa.
e Simulations are then re-run with the new axial depthnof cut.

e Simulation stops when the borderline axial depth of cut is found. Resets and re-

.

starts for new cutting speed.

A detailed break down of the algorithm is provided in Figure 5.7. The simulation

time step should be kept constant for the selected range of speeds, therefore longer
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Select :  Spindle Speed
Based axial depth of cut (base a)
Initial axial step size, min astep
Set: Stability Criteria: tolerance %
Iphase = False

Run simulation for base a, Compute PTP

values per unit depth of cut, Fbase = b%tsfgl

While Aa > minAa

Store old_a =a

a=a+Aa

Run Time Domuin Simulation

Compute new Nomalized Pip values
PipF
F

If NormF > Stability tolerance

If Iphase = True Iphase = True

a = olda
Yes No ' Aa
Ad =4

2

Aa = Aa —

2
L

Figure 5.7: Time Domain Stability Limit Calculation Algorithm
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time 1s required in computing the stability lobes at low cutting speed. Furthermore, it
was noticed that, during the simulations, there is always a transient region before the
simulation reaches a steady state, and that part of the signal should not be used in the
PTP computation. The length of each simulation run can be shorten considerably, for
the interest of efficiency, or experience, by reducing the number of cycles. However, in .
general, a simulation period of at least 25-30 cutter rotations should be used, to allow
the simulation to reach a steady state condition.

Although the time domain model provides a clear and rather precise picture of each
milling operation such as the structural displacements, chip thickness and cutting force
variations, and the cut surface generation during the machining process, it often requires
multiple runs, and each run sometimes involves extensive computation load, as in the
case of simulating the cutting at low speed range, which makes it sometimes unacceptable
for practical use. Recently, Budak [48, 31] presented a new method for the analytical
prediction of stability lobes in milling. The method is based on the formulation of
dynamic milling with regeneration in chip thickness, time varying directional factors and
the interaction with the machine fool structure. A brief discussion of the method is givén
in the following:

The dynamic milling model is first expressed in terms of the time varying directional

dynamic milling force coefficients [A(t)] as,

1

(P} = ek AWHA®D) (5.19)

where A(t) represent the dynamic displacements of the cutter structure at the present
and previous tooth periods respectively. K, is the constant cutting force coefficient. Due

to the variable force vector in milling, the time varying directional matrix [A(t)] is periodic

at tooth passing frequency w = N or tooth period T = 27r/w.' It depends on the
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immersion conditions and the number of teeth in cut. In a most simplistic approximation,

Budak considered only the average component of the Fourier series expansion of [A(t)],

re.r =0,

, 1 /T .
[Ag] = f/ [A(e)]dt (5.20)
0
Transfer function matrix of the machine tool system ([G(iw)]) is then experimentally

identified at the cutter/workpiece contact zone. By replacing the dynamic displacement

term in Eq. (5.19) by the vibrations in frequency domain using harmonic functions, i.e.
{Aiwe)} = 1 — e e [C(aw.)|{F}

where w.T is the phase delay between the vibrations at successive tooth periods T'.
Substituting {A(iw.)} into the dynamic milling Eq. (5.19) gives,

. 1 , ,
{F}eet = Ea_Kt[l — 7T [ Ag)[Giwe )| { F et (5.21)
To be able to obtain a non-trivial solution, the determinant of Eq. (5.21) has to be
Zero, 1.e.

det{[I] + A[Go(iw.)]] = 0 (5.22)

The eigenvalue of the above equatio.n can easily be solved for a given chatter frequency
we, static cutting factors (K., K, ) which can be stored as a material dependent quantity

for any milling cutter geometry [19], radial immersion (@, $es) and transfer function of

the structure.

Assuming only the two orthogonal modes are considered in [G(iw)] (i.e. Guy = Gy =

0.0), the eigenvalue A is obtained as:
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1 .
A=——/(a, ta? ~dag) (5.23)

2(10
where ag and a; are constants and known for a given cutting geometry and structure.
The critical axial depth of cut at chatter frequency w,. is obtained by taking the real

part of the eigen value,

2w A
_N,K[j(l + £%) | (5.24) -

Qg =

Therefore, given the chatter frequency (w.), the chatter limit in terms of the axial
depth of cut can directly be determined from equation (5.24).
From Eq. (3.19), the angular distance travelled by the tooth due to chatter frequency

w, at tooth period T is found as

K2~ 1 '
T = cos™' £ = —cos ' 2 5.25
w cos /‘512, 1 cos™ 29 ( )

Note that k, = A;/Ar = tany and ¢ is the phase shift of the eigenvalue. Thus if k is

the integer number of full vibration waves (i.e. lobes) imprinted on the cut arc,

wl =7 — 2 + 2kw = € + 2k ' (5.26)

'k, and € = 7 — 29 is the phase shift between inner and outer

where ¢ = tan~

modulations (present and previous vibration marks). The spindle speed N(rev/min) is
simply calculated by finding the tooth passing period T'(s),
60

1
=— 2k N = — 2
T wc(e—i— T) — N,T (5.27)

Therefore, by approximating the time varying milling directional factors by an average

value, the stability limit can be solved analytically. For each chatter frequency, the eigen
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value and the critical depth of cut are first obtained, then the corresponding spindle
speed is computed for each stability lobe. The analytical formulation presented in this
section was used as an additional tool to verify the predictions obtained from the time
domain simulation. Preliminary evalpations of this method gave reliable and promising
results. However, its adaptation to other complex cutter, such as ballend mills where
there is a strong variation in the cutter and cutting geometries (hence variable directional
coefficients) in the axial direction, is still unknown and will be kept out of the scope in

this study. .

5.4 Simulations and Experimental Verification

The dynamic milling model has been implemented in C programrriing language on SUN
/SPARC workstation. The input data to the program includes the cutter geometry,
workpiece material and dimensions, cutting conditions (axial depth of cut, radial immer-
sion, chip load, spindle speed), machine tool dynamics, force model and coefficients, and
other miscellaneous variables such as number of discretizing points on the cut surface
and simulation time step. The simulation time step (sampling frequency) is selected to
capture the highest vibration frequency in interest. As noted by Tlusty [23], the sampling
frequency should be at least ten times larger than the highest natural frequency of the
system encountered. Each simulation runs in a series of small time steps for the chosen
duration. At each instant, the cutting forces and tool deflections are recomputed, the
surface geometry is updated and stored. The output of the simulaﬁon program contains
milling force prediction, dynamic displacements of the machine tool structure, and the
finished surface profile. In the following sections, the proposed simulation model will be

tested on two different milling cutters under various cutting conditions. The simulated

and experimental results will be provided in each case.
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5.4.1 Verifications with Cylindrical End Mill

Static Cutting Simulations

The simulation model is first tested on a simple cylindrical cutter geometry. In the
first run, rigid milling forces are simulated for a slotting operation and compared with the
experimental results, see Figure 5.8. The work material 96 AL4V was milled by a single
fluted carbide end mill (Ry = 9.525mm) with 30 'degree helix angle. Different feed rates
were chosen at an axial depth of cut @ = 7.62mm and a spindle speed of 260RPM. The
cutting force pattern is periodic at a tooth passing frequency. In a slotting operation, the
tooth, due to helix, has a total immersion period of 7 + tan(ig) * a/ Ry = 206.5degrees.
The axial forces are usually small in endmilling due to negligible cutting velocity in the
axial direction. It can be seen that there is good agreement between the predictions and
the experiments.

Dynamic Cutting Simulations and Verifications

To verify the dynamic model established, the chatter simulation program is tested
in an end milling experiment with a cylindrical cutter investigated by Weck, Altintas
and Beer [49] at the Machine Tool Laboratory of Technical University of Aachen. The
workpiece materiai 1s aluminum alloy AlZnMgCu 1.5 which is machined with a 30 mm
diameter, three fluted helical end mill with 30° helix angle and 110 mm gauge length.
The measured milling force coeflicients are K, = 600M Pa and K, = 0.07. The tests were
conducted under a wide range of spindle speeds, axial depth of cuts, and radial width of
cuts. The dynamic parameters of the end mill, which has one dominant mode in each

direction, were determined from modal tests as:

k. = 5590N/mm ¢, = 0.039 w, = 603Hz
(5.28)

ky, = 5715N/mm £, = 0.035 w, = 666Hz
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Figure 5.8: Experimental and Simulated Cuﬂing Forces, cylindrical end milling
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Their results, summarized in the form of stability curves, are reproduced and shown
in Figure 5..9 for two up-milling cases. A fixed feed rate of s, = O.b7mm/tooth was used in
all tests and those stable and unstable cuttingl conditions are identified. Each small circle
represents one experimental observation at a particular cutting speed and axial depth of
cut. While an empty circle implies that a stable cutting condition was achieved, a solid
circle represents a clear occurrence of chatter under that particular cutting condition,
characterized by a rapid and signiﬁcant increase in the energy level (both cutting force’
and vibration amplitudes) concentrated at the chatter frequency. |

A series of chatter simulations were then run to verify Weck’s experimental results.
The spindle speed was chosen as 3000RPM and the occurrence of chatter was monitored
by increasing the axial depth of cut in small steps (6, = 0.5mm). All other cutting -
parameters are the same as those employed in Weck’s experiments. The results of the
simulated cutting forces and vibrations are shown in figures 5.10 and 5.11. A close
examination of the simulation results reveals that chatter has developed substantially
at approximately a = 2.5mm to a = 3mm, signifies by a more tha,n“ 100 percent jump
in the magnitudes of both the cutting forces and vibrations. After this critical axial
depth of cut (a = 3mm), the cutting forces continue to increase in a non-linear fashion
and become unrealistically high. The system finally appears to have saturated and is no
longer increasing with time.

After obtaining positive feedback from the initial simulations, a series of half immer-
sion up-milling simulations were set up to generate a stability lobe chart. Figure 5.12
shows the PTP values recorded for different axial depth of cuts, ranging from 1mm to
3.25mm, and spindle speeds. Other cutting conditions are kept constant. Each sim-
ulation was allowed to run long enough to assure that steady state has been reached

before the PTP are being evaluated. The PTP values for the last 5 revolutions (a total

of 25 are used in all simulations) are shown here for a selected speed and axial depth
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Figure 5.11: Vibrations Simulation I, cylindrical cutter, Weck’s experiments
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range. It can be seen that, the peak amplitude varies both axially and hori.zontally7
implying that there exists some combination of axial depth of cut and spindle speed in
which the cutting process is stable. Although the PTP graph gives good indication on
the magnitude of the forces and vibrations for each cutting condition, it does not give
direct information (interpolation of data required) to the process planners on selecting
the stable axial depth of cuts and spindle speeds. Therefore, the algorithm presented in
section 5.3.1 is tested on the PTP information for various speeds starting from 1000RPM
up to 10000RPM in steps of 100RPM. The result is plotted on top of the experimental
results observed by Weck in Figure 5.9. Discrepancy occurs due to the difference in the -
stability criteria employed in two cases. For instance, Weck’s simulation algorithm “as-
sumes that the process is unstable when the peak values of the vibration grow in thirty
consecutive oscillation periods, otherwise the process is assumed to be stable” [49], while
the method of PTP identification technique, which was proven to be a reliable tool, was
used in this study. Furthermore, there exists no precise 'deﬁ‘n.ition of chatter to be relied
upon 1n conducting the experimental observations. In other words, the choice between
assigning a “light chatte” and “chatter” to the observation, as indicated in Figure 5.9, is
rather a subjective decision and remains to be justiﬁed. Although there are differences
between the two, Figure 5.9 indicates that, the values predicted by the analysis are at
least consistent and reasonably closed to those obtained by the experiments.

A separate simulation run, from wh’ich the results are shown in Figure 5.13, was per-
formed at a lower speed of N = 1000RPM to provide more understanding of machining
under unstable conditions. A very high axial depth of cut (a = 4mm which exceeds the
stability limit based on the experimental results from Weck) was selected. Three char-
acteristic fegions can be identified in the tool’s responses and the cutting force patterns.

The first few revolutions represent the signals prior to the onset of chatter, where the

amplitude of oscillation is small, increasing slowly with time. Its Fourier spectrum is
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distributed in a wide bandwidth around the tooth’s passing frequency (333Hz). During
the next several revolutions, vibrations increase which modulate the chip thickness dis-
tribution and influence the cutting forces. This finally results in fully developed chatter
in which the tool oscillates with a very high amplitude and at a frequency (chatter fre-
quency) close to the structure’s dominant natural frequency (600 Hz), see Figure 5.14.
Figure 5.15 shows the simulated finished surface. As seen, the surface roughness is dom-
inated by severe vibration marks which leave undulations of approximately 10 microns
on the surfaces. The vibration marks left on the surface has a wave length A of approxi-
mately 0.428mm. Since the workpiece is moving at a speed of 3.5mm/s, and the tooth
period is T; = 0.02sec., that is, the wavy surface has a period of T\, = A/ f = 0.122sec.,
which is much greater than tooth period 7. or the vibration periods in either direction
(wz = 594H2(0.00168sec.), w, = 675Hz(0.00148sec.)). This phenomena is consistent
with the observation made by Montgomery [1], and referred to as washboarding, which
exists due to the dynamic interaction between the vibrating (and rotating) cutter and the
moving wdrkpiece. As a result, there is an integral number plus a fraction of vibration
cycles between successive tooth periods. The fractional waves accumulate in every N,
tooth periods, which leads to the low frequency wave left on the surface. In general, if the
vibration frequency is different in the two directions, the resultant vibration frequency

has to be known for accurate N,, estimation.

The time domain stability lobe simulation is further verified with the analytical chat-

ter prediction outlined in section 5.3.1. The analytical formulation was implemented and
tested under the cutting conditions similar to Weck’s experiments. Figure 5.17 shows
the results of two mﬂling cases obtained from the analytical predictions and time domain
simulations respectively. The excellent agreement confirms the accuracy and reliability

of the time domain simulation model.
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5.4.2 Verifications with Ballend Mill

Static Cutting Simulations

In this section, rigid milling forces with ballend cutters are simulated and compared '

with the experimental tests shown in the prévious chapter. The results of both the

simulations and measured cutting forces are plotted for two different cuttiné geometries.
Figure 5.18 shows the chip thickness profile at the cultting edge for a slotting operation. -
It can be seen that, during the first revolution, the chip thickness has not developed fully .
(s¢ = 0.0508mm/tooth) as the cut surface has been initialized to the tool’s geometry.
The profile for the subsequent revolutions verify the correctness of the chip thickness .
predlctlon by the simulation. In figures 5. 19 simulations of m11]mg force with ballend
cutter are shown separately for a slot cutting and a half immersion up milling operations.
Comparison of the two shows good agreement between the predicted and the experimental
cutting force patterns, except the slight numerical instability arises when the tooth leaves - -
or enters the cut abruptly such as in the half-immersion case shown in the bottom diagram
of Figure 5.19. This problem can be solved by increasing the integration step size.

The model is furthered tested by examining the simulated surface profile in rigid
milling. Since there is no vibration in the process, the expected magnitude of the surface

feed mark should be close to the analytical prediction derived by Martellotti [2]:

2
St

" 8[R(z) + Ny /7]

where h is the height of the tooth mark above point of lowest level. It is a function of

(5.29)

the feed rate s;, the number of flutes Ny, and the radius of cutter R. For cutters which
have variable radius in the axial direction, the height of the feed mark changes axially,
as shown in Figure 5.20. Here, the variation of the feed marks at two axial locations

(21 = 0.27mm, z; = 1.08mm) resulting from a single fluted ballend milling operation
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are shown. The feed rate, which is 0.0508mm/tooth, can be seen between the peaks of
the marks. The value of h, calculated with Eq. 5.29, gives a value of 0.0001272mm at
R(z = 0.127) = 2.52mm and 0.00007296mm at R(z = 1.08) = 4.405mm, both showing

good agreements with the predicted values.

The accurate prediction of vibration free, static milling forces on both cylindrical and

ballend cutters verify the following facts about the model:

‘e The kinematic mode! of chip thickness calculation is correct.

e The oblique transformation method used in calculating the milling force coefficients -

from a general orthogonal cutting parameters is sufficiently accurate.

. Dynamic Test and Simulation I

Ballend milling tests at different speeds were conducted to verify the dynamic simula-

* tions. A single fluted carbide ball end mill with 9.525 radius, 30 degree nominal helix and

zero degree rake angle was used in slot milling of the titanium alloy with a = 2.54mm
axial depth of cut and feed rate of s, = 0.0508mm/tooth/rev. The fo.llowing sections out-
line the experimental procedure in identifying the dynamic characteristics of the ball mi]ll'
attached to the spindle assembly of a SAJO vertical milling machine as well as presenting
the experimental and simulation results.

Experimental Set-up: A PCB accelerometer is attached onto the structure close to the

tip of the ballend cutter (see Figure 5.21). Transfer function at the tool tip is obtained by
exciting the structure with an impact hammer and recording its force response through
a HP 3562A dynamic signal analyzer. The identified dynamic parameters and cutting

conditions are given in 5.1.

k, = 5590N/mm ¢, = 0.039 w, = 593.75Hz
(5.30)

ky, = 5710N/mm ¢, =0.035 w, =675Hz




105

Chapter 5.v Dynamic Milling and Chatter Stability

9 ©o © &8 o o ‘o o

SRR SRy

l‘l\ll'l‘l\l\\

]

S Py

’.I..I’.]-I../,I

|\.1I\|\|l\\\\

Lt

Fr—
e

e
_
23

A"

00000000

R —ew—

T

]

.

]

=
e —t

S

Tt

.3 -0.25 -0.2 -0.15 0.1 -0.05
Cutting Direct

i - =l

..Irlll/./

B ey

—

.’l..lll./../

— e

I st

-0. -05 -0.45 -0.4 -0.35 -0
Distance X in

0° (up milling side), b)

a) ¥ =

Figure 5.20: Model Verification I1I - Surface Feed Marks:

¥ = 90° (down milling side)



Chapter 5. Dynamic Milling and Chatter Stebility , 106 .

Due to the large static error results from integrating the signal rneaeured by the ac-
celerometer, the static stiffness of the system is measured by perforrrling a static stiffness -
" test and the result is shown in Figure 5.23. To verify the rigid workpiece assumptlon the
transfer functlon of the Titanium workplece (150 X 100 X 80mm) is also measured and
shown in Flgure 5.24. In die machining, the workpiece is usually stiffer than the tool.
Therefere, as r)roven by the measurement (abouf 3 times higher than the tool), orlly the
dynamics of the tool is considered. |

The performance of the model in predicting the dynamic milling process is illustrated
by two sample time domain simulations and milling experiments. The tests were per-
formed on'a SAJO milling machine retrofitted with an in-house developed research CNC,
and cutting forces were recorded on a PC through Kistler dynamometer and cha.rge am-
plifiers. The cutting conditions for all cases were identical except the spindle speed and -
dampirlg coefficients (see table 5.1) !. First the experimental results are shown in figures
5.25 and 5.26, together with the Fourier spectrums (see Figure 5.27). The 'experirrients.
" were repeated at spindle speeds N=115 rev/min to N=1100 lrev’/min i‘n‘rou.ghly 6 equal
sfeps, at identica,l cutting conditions. -

The measured and simulated cutting forces during low and higher speed milling tests
are shown in figures 5.28 to 5.30 'respectiveiy. It was observed from the experimental -
results that the chatter vibrations are quite evident during the higher speed mechrnirlg v
" (figure 5.30), whereas there is almost no chatter_at N=115 rev/min (ﬁgure‘5.28). Since
all the cutting conditions are idenfi_cal except the cutting speed, the absence of chatter
vibrations is attributed to the process damping w'hieh is'known to be quite effective when
. the tooth passing frequency (1 e. cutting speed) is mgmﬁcantly lower than the v1brat10n

frequency The process damping reflects the combmed effects of tool flank penetratlng,

- !Note: Damping Ratios of Cz =( = 0. 15 are used at the low spmdle speed (N = 115RPM)'
milling simulation. .
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contacting and rubbing against finished wavy surface of the workpiece. Analytical mod-
elling of such a contact and rubbing phenomenon has beeﬁ proven to be difficult [1], and
it 1s usually obtained by comparing the cutting forces or vibrations obtained from time
domain simulations and measurements [50] The analysis of the test results indicated .‘
that the damping ratio at the low speed cutting test is 15%, V\;hich is approximately
four times larger than the measured structural damping ratio of 4%. Conséquently 15%.
and 4% damping ratios were used in the simulations of milling tests at N=115rev/min

and N=1100rev/ min; respectively. The agreement between the amplitudes and chatter

behavior of the milling tests and simulations is quite reasonable. The Fourier spectrums

of the simulated and experimentally measured cutting forces are also provided in figures

5.29 and 5.31. The spectrum of the low speed test is dominated by the average value

of the cutting forces (0Hz), and the strength of the force at tooth passing frequency

(1.91Hz) and its first harmonic (3.82Hz). Since there are no chatter vibrations, the spec-

trum is dominated by the static cutting forces generated by the rigid body motion of

the milling system. At N=1100 rev/min however, in addition to the static force compo- ‘
nents at tooth passing frequency range (18.33Hz), the spectrum indicates the presence

of chatter vibrations at 600 to 700 Hz range which corresponds to the structu_ral modes

in feed (z) and normal (y) directions. Again, the agreement between .the simulation and

experimental results are quite satisfactory. The dynamic milling simulation model can

be used to prepare stability lobes for the generation of chatter free NC tool paths, as

suggested by Weck et al. [49].
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Table 5.1: Time Domain Simulation Conditions for Dynamic Ball End Milling Tests I

Workpiece material
Milling mode

Titanium T AlV,
Slotting

Spindle speeds (N) | Test 1: 115 - 1100 [rev/min

Feed rate (s,)

0.0508 mm/tooth

Axial depth (a) 2.54 mm

Cutter material Solid carbide

Ball radius (Ry) 9.525 mm

Rake angle (o) 0 degree

Helix angle (20) 30 degree
1.

Number of flutes
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Dynamic Test and Simulation I1

The stability method is applied to a practical ballend milling operation. Experi-
ments were conducted on a FADAL CNC machining center. The milling system under
consideration is similar to the one shown in Figure 5.3. It is represented by a single

degree-of-freedom system with the following parameters identified from impéct test (see

Figure 5.32):

ke = 5725N/mm & =0.04 w, =1150Hz
ky = 5740N/mm ¢, = 0.05 w, = 880Hz

(5.31)

Table 5.2: Cutting Conditions for Dynamic Ball End Milling Tests II

Titanium T AlV,
Half immersion Upmilling
1000 - 6000 [rev/min|in 1000 RPM steps
0.0508 mm /tooth

Workpiece material
Milling mode
Spindle speeds (N)
Feed rate (s,)

Width of cut (w) A

6.35 mm (fixed)

Axial depth (a) Variable
Cutter material Solid carbide
Ball radius (Ro) 6.35 mm
Rake angle (ay,) 0 degree
Helix angle (1) 30 degree
Number of flutes 1

A single fluted ballend cuﬁter was used in an up milling operation with Titanium
alloy workpiece, which is éssumed to remain rigid 1n all simulations. A range of spihdle
speeds and axial depth of cuts were selected and the measured cutting forces of two
particular cases are showed in figures 5.33 and 5.34. At each spindle speed, all the cutting
conditions (see table 5.2) except the axial depth of cut are kept constant. Increasing

increments of axial depth of cut a are taken until the point of chatter onset occurs. Then

the procedure is repeated for a new spindle speed. Chatter onset was determined by
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observing the output of the cutting forces, as well as the sound pressure recorded by
the microphone. The audible sound associated with high amplitude oscillation can be
used as a further check of an unstable machining operation. It should be noted that,
due to the extremely high strength property of T%6AL4V, difficulties were experienced
especially during those tests at high cutting speeds (above 4000RPM or 160 m/min).
During high speed machining, the cutting tool deteriorates and wears out very fast,
which may introduce inconsistency and inaccuracy into the data collected. Therefore, -
each tool was monitored closely throughout the tests to report any significant tool wear
problem, a small chip load was chosen in all the tests to prolong tool life, and replacement
of tools was done after every 20-30 tests, depending on the cutting conditions and the
condition of that particular tool.

The experimental results are presented in a way similar to Wecks’ (Figure 5.9) in
Figure 5.36 where the classical stability chart obtained from the experiments is plotted,
on top of the simulation results. Fine step size was chosen in the simulations: the
minimum step size of the axial depth of cut was 0.0125mm and the spindle speeds
were run from 1000 to 5000RPM in 100RPM steps. For the lmm axial depth of cut
experiments, all the tests and simulations showed no significant vibrations and cutting
force fluctuations, implying stable cutting was achieved. As the depth of cut increases,
the onset of chatter was recognized and recorded, as indicated in the chart. At the same
time, the simulation program searches for the limit of stability by applying the PTP
algorithm given above. For example, both the measured and simulated PTP forces in the
feed direction are plotted in Figure 5.35 for three different axial depth of cuts. From the
experiments, chatter was noticeable at a few spindle speeds (N = 3000, 4000, 5000RP M)
when a = 3mm. A further examination of Figure 5.35 reveals that at the limit of stability,
the PTP forces have jumped significantly (more than 150 percents) with a 50 percent

increase in the depth of cut, as noted by Tlusty [23]. Although force vibrations will
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always present in the process, it does not significantly influence th-e DC component of
the cutting forces, as the waves (resulting from force vibrations) left on the surface are
repeating at the tooth passing frequeﬁcy, thus making “the chip thickness independent
of the amplitude of the forced vibration” [33| as long as the cut is stable. From Figure
5.35, it can be seen that the process becomes unstable at N = 3000RPM and a = 3mm
in which there is a substantial jump.in the cutting forces.

Although the agreement between the chatter behavior of the milling tests and simu-
lations is quite reasonable, the simulated stability lobes are all “squeezed” and “packed”
together and have a rather flat shape especially at low cutting speeds, which deserves
some further explanation. Firstly, the simulation model predicts a lower stability limit
eépecially at low speeds because it doesn’t take into account the effect of process damp-
ing. Furthermore, due to the high chatter frequency to tooth passing frequency ratio
(fe/N = Ny) at low speeds, there are numerous number of vibration waves left on the
surface, which requires an extremely high sampling frequency to capture the “regener-
ation of waviness” mechanism (vibration waves left on surface). In the simulation, the
sampling frequency was chosen as 35 times the natural frequency of the system and the
predictions appeared to be more stable. The third reason can be explained by the chip
thinning effect which is an unique characteristic in ballend milling. At low axial depth
of cut, the stiffness of the system is high due to the increased cutting pressures at small
chip thickness.

The immersion condition also influences the stability lobe prediction. Two different
cutting modes are shown in Figure 5.39. Figure 5.39a shows the cutting geometry used in
the ballend experiments Il and in the stability simulation. The width of cut is constant
(w = 6.35mm). A close examination of the wave regeneration mechanism along the axial
direction reveals that, due to the changing immersion angle, the number of vibration

waves left on the surface changes along the axial direction. There is no longer a constant
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Figure 5.39: Wave generation on different cutting geometries. Ballend Milling




Chapter 5. Dynamic Milling and Chatter Stability 131

4
E )
£ I
3 3 \
s
§ \
| 2 /\ \
%: 15 PavaN TN A / \ /
© v~ NA Y4 Y ~—— ~——
8 1
G o5

0

0 1000 2000 3000 4000 5000 6000 7000 8000
Spindle Speed [RPM)]

Figure 5.40: Simulated Stability Lobe Diagram for Ballend milling 111




Chapter 5. Dynamic Milling and Chatter Stability 132
7 3 7 -
Surface Profile : Surface Profile
E:
541 — T
=5
E ] H
S 43 8
3 g
i ]
2 3
>, ] X
1
0 . 2 3 . 5 s ; 0 1 2 3 4 5 6 7

2]
n
i
g

5.8 4

Profile along cut surface [mm]
".: C [ 1

40
Immersion angle [deg.]

Profile aléng cut surface [mm)

v
IS

6.2 1

o
o

e 2=2.85
[ mm
——

—_—
e
~L,———-\__/,__\
—_——
_
e
-M

2 1 z=1.5
- T o,
0 20 40 60 80 100

Immersion angle {deg.]

N = 3000 RPM

N = 6300 RPM

Figure 5.41: Simulations showing the waviness on cut surface at different cutting speeds




Chapter 5. Dynamic Milling and Chatter Stability 133

integral number of waves along the axial direction. Depending on the cutting conditions,
the stability of the process may change substantially, especially at low speeds, when the
process damping is high due to shorter wave length cycles.

On the other hand, if the radial immersion angle is constant (i.e. variable width of
cut), as shown in Figure 5.39b, there is always an identical number of vibration waves
left on the surface along the axial direction. This phenomena is tested in a half im-
mersion ballend upmilling simulation, in which Ry = 9.525mm, k, = 19300N/mm, k, =
14200N/mm. Other cutting conditions are the same as in the second simulation. Fig-
ure 5.40 shows the simulated stability lobes. The influence of spindle speed is demon-
strated by examining the simulated results at N = 3000RPM and N = 6300RPM. At
N = 3000RPM, the integral number of waves imprinted on the surface per tooth spacing
1s, according to Eq. 5.18, N,, = 4. (see Figure 5.41a) The self excitation mechanism takes
place and resulting in unstable process. While keeping other conditions constant except
for a higher spindle speed (N = 6300RPM), as shown in diagram 5.41b, the number
of waves between each teeth is jower, 1e., N, = 2 and both the cutting forces and the
tool vibrations reduce significantly. This change in spindle speeds has a significant im-
pact on the stability of the process, which are reflected in Figures 5.42, 5.43, 5.44, and
5.45. % The resultant cutting forces, vibrations, and surface finish demonstrate clearly
the advantages of regulating under a stable machining condition using the stability chart

developed.

2The curvature of the surface is filtered out for better visualization
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5.4.3 Summary

This chapter presented a general milling model in which both the cutter and the gener-
ation of cut surface by the true kinematics of milling system were accurately modelled.
Simulations and experimental verifications showed that, the combined model is capable
of predicting the cutting forces and generated surface finish with or without the presence
of chatter vibrations during ball end milling operations.

The model has several advantages:

When the vibrations are neglected, the static milling can be simulated.

e The finish surface is predicted by keeping the points which have zero immersion,
¥ = 0. The finish surface generated represents feed marks, static form errors
or chatter vibration errors depending on whether rigid, statically or dynamically

flexible milling system structure is assumed, respectively.

e In chatter analysis, the resulting chip thickness h(t) represents the true regenerated
value. There is no need for iterative evaluation of multiple tooth periods to find

the true chip load [51].

e The nonlinearity in the chatter, i.e. the tool jumping out of cut, is accounted for

by imposing the condition : if h(t) < 0 then h(t) = 0.

e Cutter runout and flank face/cut surface interference(i.e. process damping) can be

included in the model easily.
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5.5 Conclusions

Both static and dynamic milling with two different cutters have been examined in this
chapter by simulation and experimental studies. dhatter stability was experimentally
examined, though in a rather low speed range. | However, the trends from simulations
suggested that highly realistic results could be obtained if a more accurate experimental

procedure is implemented, in which the predicted stability lobe diagram can be fully

utilized.
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Conclusions

The objective of the thesis has been to develop methods land algorithms to understand
and predict the behavior of milling operations. Special emphasis has been placed on £he
ball end millAing operations which are widely used in machining dies, molds, and hydro-
dynamic and aerospace parts with scuiptured surfaces. The results of this study provide
prediction of cutting power and torque required from the machine tool; the direction, -
amplitude and density of cutting forces applied on the cutter and workpiece structures;.
static and dynamic deformation errors left on the finish surface; chatter vibration free
stable cutting conditions. The prediction of milling performance is used to plan ball end
milling operations in industry. |

First, geometric models of helical, bull nose and ball end cutters are developed in
Ca.ftesia.n coordinates. For a given cutter diémeter, radial rake angle, helix angle, the
number of flutes, bull nose radius and the ball end radius, a general geometric model
of the cutter is defined. The milling operation consists of a rotating cutter and linearly
feeding the workpiece. The rigid body motion of a cutting point on the tool edge is .
deécribed by a trochoidal path. Previous researches assumed a linear shift of circular

paths, which produce significant errors when the axial depth of cut and radial immersion

-are significantly small as in the case of ball end milling operations. In this thesis, the

true kinematics of ball milling are modelled. The instantaneous positions of all points on

the flutes are expressed as a function of time using the stationary spindle as a coordinate

_ center. The intersection of rotating and linearly moving end mill with the workpiece sur-

face is computed, and the finished surface is stored at time intervals. The chip thickness

is calculated by finding the radial distance between the two subsequent surfaces digitized

140
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in two successive tooth passages. The static and dynamic displacements of the cutter are
integrated to the kinematic model, hence allowing the influences of vibrations and static
deflections on the chip thickness and the finish surface.

The time %/arying cutting forces are proportional to the chip thickness predicted by
the geometric and kinematic models of milling. The force amplitudes are dependent on
the oblique geometry of tvhe end mill and plastic deformation properties of the workpiece
material during cutting. The machining properties of the material are identified from
two dimensional orthogonal cutting tests, which resembles plain strain deformation. The
average yield shear stress, shear angle and friction coefficient between the tool and work-
piece material are measured at a range of rake angle, cutting speed and chip thickness.
The pressure and friction load on the oblique cutting edge of helical end mill and ball
end mill are predicted using orthogonal to oblique cutting transformation method. It has
been experimentally verified that the ball end milling forces in three directions can be
predicted with suflicient accuracy using the kinematic and cutting mechanics approach
presented.

The dynamic interaction between the tool and workpiece, which involves tool vibra-
tions due to excessive cutting forces and structural flexibility in the system, including
the effects such as tool jumping in and out of cut due to excessive vibrations are imple-
mented in a time domain simg]ation program. The structural properties of the end mill
attached to the spindle is considered to predict the chatter vibrations. The simulation
program has the capability and versatility to predict milling forces, both statically and
dynamically, surface form errors and chatter marks, under different milling operations,
with different cutter geometries. The model is able to predict chatter vibration free ax-

1al depth of cuts and spindle speeds, 1.e. stability lobes, for a given workpiece material,

tool geometry and the frequency response characteristics of the end milling system. The
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stability lobe diagrams have been developed and experimentally verified for both cylin-
drical and b;'illend cutter geometries. Process damping has been found .to be a dominant
factor at low speeds, which introduces discrepancies into the model. Furthermore, the
time domain simulation results have been compared with analytically predicted chatter
stability lobes. It has been observed that while the analytical stability prediction method
is sufficiently accurate at large width of cuts, the time domain simulation model gives
more accurate predictions at low width of cuts due to its handling of nonlinearities in
the dynamic cutting system.

The kinematic and geometric models developed in this thesis are general, and ap-
plicable to other workpiece materials rather than titanium alloy (T'i6AlV4) used here.
However, the orthogonal to oblique cutting mechanics transformation model may not
be applicable when the shearing is not continuous. Hence, further investigation is re-
quired to analyze the viability of the method in machining hardened die and mold steels,
where the chip is segmented and fracture and shearing may be coupled in the primary
deformation zone of cutting.

The integration of proposed algorithms to the NC tool path generation in die and
mold machining is a natural extension of the work. Optimization of depth of cut, width

of cut, cutting speed and feed during NC tool path planning may significantly improve

the productivity and accuracy of milling dies and molds.
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Appendix A

Ballend Milling Force Coefficients

Table A.1: Edge Force Coefficients, Rake = 0 degree

Table A.2: Cutting Force Coefficients, Rake = () dégree

Ra

1.27
1.27
1.27
1.27
2.54
2.54
2.54
2.54
3.81
3.81
3.81
3.81
6.35
6.35
6.35
6.35

Krg
Kre
Kag

fd

0.0254
0.0508
0.0762
0.1016
0.0254
0.0508
0.0762
0.1016
0.0254
0.0508
0.0762
0.1016
0.0254
0.0508
0.0762
0.1016

= 37.205 N/mm
=21.04 N/mm
= 0.64 N/mm

Krc

513.96747
678
685.91083
535.4541
244.91734
790.64752
722.81268
669.86633
291.18442
529.13086

. 636.08765

554.21527
196.4164

630.36206
647.32898
246.82477
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Ktc

1888.6835
2344.5276
2238.9265
2111.4316
1988.1965
2101.0342
2053.55

1992.5186
1800.4019
1833.5325
1921.2904
1818.9087
1651.0255
1820.4677
1534.0551
1163.6793

Kac

-3.953168
-70
0.706506
-91.45192
-242.039
-247.3838
-200.5565
-259.0192
-435
-375.5063
-342.0091
-363.1614
-481.531
-335.1002
-337.677
-206.1739
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Appendix A. Ballend Milling Force Coefficients
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Table A.3: Results from Orthogonal Cutting Experiments




