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A. Larue, B. Anselmetti

A prediction of the machining defects in flank milling

Abstract In peripheral milling with great axial engage-
ments, the tool deflections generate some geometrical
defects on the machined surface. This article present a
prediction method of these defects which is applicable
on every ruled surface. The cutting forces are estimate
with the cutting pressure notion. The parameters of the
tool/workpiece material couple are identified by a test
part. The prediction of the tool deflections requires
controlling the tool immersion angle for each angular
position of the tool. The deflections can be significant.
An original procedure which is based on an engagement
cards avoids an iterative calculation of the radial
engagement. The experimental checking of the method
of prediction is presented in a test.

Keywords Peripheral milling Æ Tool deflections Æ
Identification of a tool workpiece material couple Æ
Engagement cards

1 Introduction

1.1 Presentation

The present study is about flank milling using the long
cutters of free forms. This free forms are made up of
ruled surfaces. This very powerful process, from a pro-
ductivity and surface quality point of view, is very
popular in aeronautics and mould manufacturing.

The magnitude of the defect induced by the deflection
of a long HSS cutter with a diameter of 20 mm can reach
0.7 mm for a radial engagement of 3 mm. Such geo-

metrical variations induce the nonrespective of the part
specifications.

The purpose of this article is to establish a prediction
method of flank milling defects at low speeds which can
be integrated in a computer aided sesign and manufac-
turing software (CAD/CAM).

The characterisation of the tool deflections is based
on a cutting pressure model. The model parameters are
gauged by milling a test part on the production machine
tool. When the tool workpiece couple is identified, the
influence of the tool deflection on the part geometrical
defects can be predicted.

1.2 The problem

To predict tool deflection, it is necessary to control the
engagement of the cutting edges into the workpiece
material at every moment.

At high cutting speed, chatter vibration phenomena
appears [1, 2]. To model that phenomena, lots of re-
search took the mass, the damping and the acceleration
of the milling structure into account [3, 4, 5, 6]. These
studies allow the prediction of the vibratory behaviour
of the structure. Firstly, they result in long calculations
which are difficult to implement in a CAD/CAM system
on all the surfaces to machine. Secondly, such studies
require a dynamical protocol to identify the dynamical
structure characteristics and the force model parameters.

Our objective at low speed milling was to predict the
surface defects and to compensate for the tool paths. We
also needed a model which was easy to identify and fast
to use. We showed that a satisfying result can already be
obtained without taking the vibratory behaviour into
account [7]. That’s why the calculation of surface defects
thus passes by the motion study of the generating point
of each cutting edges in catch in the workpiece material.

In fact, the surface is generated by the cutter sweep-
ing. Each rule of the surface is obtained by the gener-
ating point displacement along the helicoidal cutting
edge during the rotation of the cutter.
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The tool deflection can be calculated at every moment
using a model resulting from the materials resistance
theory (RdM).

The cutting forces applied to the tool thus depend on
the number of teeth in catch and on the length of the
cutting edge engaged in the workpiece material at every
moment.

It is thus necessary to calculate the immersion angles
for each cutting edge starting from the finished surface
and from the rough surface defined by the CAD model.
This calculation must be carried out for each rule and
for each angular position of the cutter.

During our tests, we have showed that the deflections
are so significant that it is absolutely necessary to take
the deflection into account to calculate the cutting edge
engagement. In the first approach, this analysis requires
considering an iterative calculation process which is very
expensive in terms of computation times. The article’s
purpose is to establish a precise process, which avoids
this iterative calculation in the majority of the cases. It
presents the engagement card concept which represents
the tool load during the milling.

2 The modelisation of surface defects

2.1 The surface generation

The problem studied is the peripheral milling of a ruled
surface. Our interest is focused on the down milling case.
At first approximation, the tool path is generated so that
during that time, the cutter generatrix is combined with
the various rules of the surface. However, the surface
concavity is not constant along the rule. Various tech-
niques of the cutter axis shifting make it possible to
improve the milling quality by limiting the undercut and
the overcut [8, 9, 10, 11].

This work thus considers that the CAM system
constructs the tool path generation and gives the tool
axis (axis~z position An and the normal to the machined
surface ~y at every moment, which makes it possible to
define the cutting section Sn at the curvilinear abscissa
Sa

n along the directrix (Fig. 1).~x completes the trihedral
~x, ~y,~z in the feed direction.

In this section, we will suppose that the generatrix to
machine is the line Dn. Our objective is thus to determine
the variations of the machined surface position com-
pared with the theoretical line Dn. These variations are
added to the undercut and overcut defects. The different
sections will be studied with a ‘‘normal’’ step and a
‘‘reduced’’ step. The reduced step will be used when
some engagement discontinuities are detected on the
machined surface or on the rough surface.

The generating point of a tool is mobile on the line
Dn. At moment t, the generating point is in P at distance
z of the tool holder which is supposed to provide a
perfect embedding. It is thus necessary to know the tool
deflection in P which will be equal to the surface position
variation in this point.

At moment t+dt, the generating point is in P’ at the
distance z’ (Fig. 2).

The deflection varies according to the generating
point P, which generates a deformed profile on the
surface.

2.2 The deflection model

Our deflection model correspond to an extension of the
Kline and DeVor model [12], which has involved lots of
semi static models [13, 14, 15].

At a given moment, the generating point is in P. Each
elementary length of the cutting edges in catch in the
workpiece generates an elementary tool deflection in
P. The sum of these deflections gives the variation of the
surface in P.

At point Q located along the cutting edge, the
angular position is b. The force applied in Q on a part of
the cutting edge, whose elementary length is dz, consists

Fig. 1 The place of the generating points

Fig. 2 The evolution of the generating point of a tool
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of a tangential component dFt and a radial component
dFr.

The cutting forces are obtained with the following
model:

dFr ¼ Kr � ep � dz ¼ Kr0 � fz � sin bð Þ � dz= fz � sin bð Þð Þ0:3

ð1Þ

ep is the depth of cut given by: ep ¼ fz � sin bð Þ.
fz is the feedrate per tooth.

Kr ¼ Kr0 � ep�0:3 and Kt ¼ Kt0 � ep�0:3 ð2Þ

The cutting pressures Kr0 and Kt0 are characteristics
of the tool workpiece material couple. They are deter-
mined by an identification test.

Only the normal component dN of the cutting force
acts on the machined surface deformation (Fig. 3):

dN bð Þ ¼ dFr bð Þ � cos bð Þ þ dFt bð Þ � sin bð Þ

In P, the resulting deflection dy induced by the force
dN applied to point Q is given by a simple model of a
fixed beam of the constant quadratic moment of inertia:
IGy (Fig. 3).

dy ¼ 1

E � IGy
� dN bð Þ

� z� L bð Þð Þ3

3

 !
þ z� L bð Þð Þ2 � L bð Þ

2

!" #
ð3Þ

where L bð Þ ¼ h� b=2pð Þ is the distance between P and
Q for the tooth which leaves its trace on the part, h being
the helicoidal milling cutter step.

A similar relation is defined for the points Q which
belong to the following cutting edge in catch (when Q
is on the left of P).

For each point P, the theoretical total deflection is the
sum of the elementary deflections generated by all the
points Q of the cutting edges simultaneously engaged in
the workpiece material.

yth ¼
XNc

k¼1

Zbmaxi

bmini

dyk

0
B@

1
CA ð4Þ

where Nc is the number of cutting edges in catch.
The difficulty of the calculation lies in the definition

of the maximal and minimal immersion tool angles
(bmaxi and bmini). These angles are defined by the inter-
section of the screw which characterises the tool cutting
edge when the generating point is in P. bmaxi corre-
sponds to the intersection with the rough surface. bmini

corresponds either to the intersection with the finished
surface (bmini=0), or to the intersection with the side
of the part 06bmini6bmaxið Þ. This calculation will be
developed in paragraph 4, because it should take the
tool deflection into account. Figure 4 shows the calcu-
lation of the resulting deflection dy at point P.

2.3 The identification of the coefficients

To determine the coefficients Kr0 and Kt0, an identifi-
cation protocol on an unspecified industrial milling
machine was proposed [7, 16, 17]. The identification
procedure consists in the down peripheral milling of a
plan starting from the test part defined in Fig. 5. The
width of the part is slightly higher than h

Z where h is the
tool helicoı̈dal pitch and Z is the total number of teeth.
The radial depth of cut varies gradually from 0.5 to
3 mm (Fig. 5). The tool end is left free so as to make it
possible to study only the influence of the helicoidal
cutting edge on the part defect.

From an operational point of view, the identification
procedure consists in milling the test part and measuring
the defects of the machined surface.

The immersion angles can be calculated by taking the
tool deflection which is estimated starting from the
measured dots into account.

The coefficients Kr0 and Kt0 are calculated by mini-
mising the sum of the squares of the differences between
the dots measured and the dots simulated.

Fig. 3 The deflection model definition Fig. 4 The calculation of the resulting deflection dy at point P
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2.4 The identification of the tool workpiece material
couple

For our application, the conditions of the identification
test are the following:

HSS tool of diameter 20 mm, whose active length is
88 mm—4 teeth:

– Machined workpiece material: C48
– Milling on a vertical milling centre
– Vc=25 m/min
– fz=0.2 mm/tooth

With IGy=7,854 mm4, the coefficients calculated are:

Kr0 ¼ 312
Kt0 ¼ 120

The simulated machine surface is illustrated in Fig. 6.
Several tests showed that these coefficients are almost

independent from the cutting speed.

Figure 7 shows that the difference between the sim-
ulated and the cloud of theoretical dots lie for 95 percent
of the surface between ±0.05 mm.

3 The prediction of the milling defects in CAM

3.1 Introduction

The work objective is to predict the form and the posi-
tion variations of the flank machined surfaces. These
variations are due to the tool deflections generated by
the variable cutting forces. The part deformations and
the machine deformations are not taken into account.
These cutting forces are depending on the cutter
immersion angle at every moment which also consider-
ably depends on the tool deflection, which makes the
calculation difficult (Fig. 8).

In front of this problem, we propose a defects pre-
diction method which is applicable in a CAD environ-
ment for the milling of an unspecified ruled surface. The
final geometry to obtain is thus defined by a CAD
model. The tool paths are initially given by the CAD for
example with the use of tool laying techniques on a
surface, suggested by Rubio [8], Tönshoff [9] and
Affouard [10].

By misnomer, we call the ‘‘rough’’ surface of the part
the part surface before the tool passes. This raw part can
be described by a CAD model or by a raw management
dynamical system according to the tool paths during the
preceding operations (NCSIMUL software [18], Vericut
software [19] and Delmia software [20]). In all cases, the
radial engagement is supposed to be lower than the
cutter diameter: ap £ 2·R, in order to exclude the mill-
ing in full matter.

3.2 The prediction algorithm in steady mode

An iterative solution would firstly consist in calculating
the cutter deflection by considering the theoretical angle

Fig. 5 The part for the calibration of the tool workpiece material
couple

Fig. 6 A simulation of the machined surface

Fig. 7 A comparison of the simulated and machined surfaces
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of immersion obtained with a perfectly rigid cutter; in
the following iterations, the angle depends on the pre-
sumed deflection at the preceding stage. The iteration
alternates geometrical ‘‘RdM’’ calculations and geo-
metrical calculations. It stops when the deflection con-
verges. Calculations with this method are very long and
not quite acceptable in the CAD universe [21, 22, 23, 24].

We propose a solution without iteration by estimat-
ing that the profile En named estimated profile in the
section Sn will be similar to the calculated profile Cn)1 in
the preceding section Sn)1 (Fig. 1 and Fig. 9). This
assimilation makes it possible to calculate the immersion
angle directly.

This supposes that the tool deflection at section n)1 is
near the deflection at section n. This assumption is
plausible when the machined surface and the rough
surface are continuous, which is often the case. An
iterative process will be however necessary in the case of
discontinuities (see paragraph 3.3). Once the deflection is
initialised, the algorithm calculates the immersion angles
and determines the profile calculated of section n. Fig-
ure 10 presents the principles of the calculation process.

The preceding algorithm is valid in a steady state.
It must be completed to treat two other cases.

Case 1: The tool crosses a transition zone (the zone
where the engagement conditions rapidly
vary).

Case 2: The tool enters the workpiece material (the
initialisation of the calculation).

3.3 The crossing of a transition zone

When the raw surface geometry is discontinuous be-
tween two sections of calculation (the presence of a step,
the presence of a hole, etc.), the deflection variation can

Fig. 8 An influence of the tool
deflection on its maximum
immersion angle

Fig. 9 An initialisation of the tool estimated position in a given
section in steady state Fig. 10 The basic algorithm in the steady state
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be very significant. A solution consists in increasing the
number of sections to make the engagement variation
progressive. We hence adopt a reduced step. The re-
duced step is equal to the normal step divided by ten.

The process seen in a steady state can thus be used
again simply by decreasing the step between the sections.
Such a discontinuity is detected simply when the differ-
ence between the presumed profile and the calculated
profile is too significant. The following criterion was
used:

1

N
�
XN

i¼1
ythiC � ythiEð Þ26L2 ð5Þ

N is the number of dots treated on the profile. L is a
limit translating the acceptable average distance.

ythiC is the calculated deflection at point i on the
calculated profile.

ythiE is the calculated deflection at point i on the
estimated profile.

– When this criterion is not respected, the step is re-
duced.

– When this criterion is not respected with a reduced
step, the iterative calculation is necessary by taking
the profile Cn)1 calculated at the preceding stage as
the estimated profile En. The iteration continues as
relation 5 is completed.

– If relation 5 is respected directly without iteration on
ten sections, we go back to the normal step. Figure 11
shows the thickening of the number of sections at the
time of a transition zone passage

3.4 The tool input in the workpiece material

The first section considered is a section which is out of
the workpiece material (Fig. 12).

For the first section, the estimated profile E1=D1.
Generally, in this first section, the tool is out of the

workpiece material and there is no deformation. Crite-
rion 5 is thus checked before passing to the following
step. If the tool is directly in the workpiece material, it is
necessary to pass to the iterative process, seen in the case
of a strong engagement discontinuity.

3.5 Complete algorithm

All the processes that we have just exposed can be
summarised in only one prediction algorithm (Fig. 13).

It should be noted that this calculation is carried out
in the CAD universe for geometrical calculations then in
the numerical universe of ‘‘RdM’’ calculations (with
Matlab software).

To carry out this change of work universe, the values
bmini and bmaxi calculated in CAD are memorised under
the shape of an engagement line L(n) (see paragraph 4).

4 The calculation of the workpiece engagement

4.1 The conditions of calculation of real tool
engagement

A cutting edge is engaged into the workpiece material
between an angle bmini and an angle bmaxi. Generally,
bmini=0 if point P is on the surface. On the other hand,
on the edges of the part, the following cutting edge
cannot be completely engaged, in this case bmini>0
(Fig. 9).

The limits bmini and bmaxi must thus be calculated
starting from the intersection of the screw representing
the tool cutting edge with the rough surface and the
faces of the part. It is hence necessary to define the tool
position and the tool inclination for all points P of the
estimated profile with precision.

Fig. 11 The thickening of the number of sections at the time of a
transition zone passage

Fig. 12 The definition of the first calculation section
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If the milling cutter were perfectly rigid, the genera-
trix would be the line Dn. When we have only one gen-
erating point P, we consider that the tool generatrix

follows a curve of degree 2, tangent to the line Dn, tan-
gent to the tool embedding in the tool holder and
passing by the point P.

If there are two points P1 and P2 pertaining to two
successive cutting edges simultaneously, it is considered
that the tool generatrix follows a curve of degree 3
passing by these two points and tangent to the embed-
ding.

For each point of the estimated profile En, we build a
local reference mark P, ~xP , ~yP , ~zP where ~xP is the unit
vector indicating the milling direction,~zP is the tangent
unit vector to the curve and~yP the vector defined such as
~yP ¼~zP ^~xP . In this reference mark, the cutting edge is
defined by a parametric equation:

x ¼ r � sin 2p� t=hð Þð Þ
y ¼ r � 1� cos 2p� t=hð Þð Þ
z ¼ t

In the reference mark P, ~x, ~y, ~z, the helical cutting
edge is defined with:

x ¼ r � sin 2p� t=hð Þð Þ
z ¼ r � cos hPð Þ � 1� cos 2p� t=hð Þð Þ � t � sin hPð Þ
z ¼ r � sin hPð Þ � 1� cos 2p� t=hð Þð Þ þ t � cos hPð Þ

The intersection of the screw with the rough surface is
done by searching tmaxi, which gives bmaxi=2ptmaxi/h.
When point P is on the finished surface, bmini=0. On the
other hand, the following cutting edge starts in a point P
located out of the workpiece material. The intersection
of the cutting edge with the edge of the part makes it
possible to determine bmini. We thus obtain the integral
terminals allowing to calculate the machined surface
defects (Eq. 4). Figures 14, 15 and 16 show the tool
deflection model, a local reference mark of the milling
cutter and the definition of an engagement line.

Fig. 13 The complete prediction algorithm

Fig. 14 The tool deflection model: approximation by a polynomial
curve
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4.2 The definition of the workpiece material
engagement card

During the study of a section, for each point P, the
calculations made it possible to calculate the angles bmini

and bmaxi of the cutting edge. These values can be
recapitulated on two engagement curves.

This curve is perfectly defined for all the points P lo-
cated between the edges of the part. This curve is pro-
longed on the left when the point P is located out of the
workpiece material and that the cutting edge is engaged

in the workpiece material with angles bmini and bmaxi. For
the points between the edges of the part bmini=0, except
if the rough surface comprises holes.

The juxtaposition of the maximum engagement lines
defines the maximal engagement card. The minimal
engagement card is defined in a similar way. These cards
give a global and continuous vision of the engagement
workpiece material during the milling. This makes it
possible to rapidly identify the zones presenting some
milling difficulties and those for which the engagement
is significant.

5 An application of the prediction method

5.1 The milling process description

This defect prediction method is applied to the case of
the milling of a cylindric part by circular interpolation.
The tool radial depth of cut during the milling is equal to
2 mm (Fig. 17).

5.2 The calculated profile

In the steady mode (between 2 and 3), we obtain the
calculated profile of the machined surface: we can
represent the machined surface variation in function of
the curvilinear abscissa.

5.3 The engagement line

On this application, only two teeth to the maximum
engage simultaneously. The maximum engagement card
is described according to the curvilinear abscissa. Three
phases are thus distinguished as follows: the input in the
workpiece material (1), the steady state (Fig. 18) (2) and

Fig. 15 The local reference mark of the milling cutter

Fig. 16 The definition of an engagement line Fig. 17 The validation of the identification protocol
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the output of the workpiece material (3). (Fig. 19 shows
a simulation of deflection of the machined surface.

The raw part is analysed in function of the curvilinear
abscissa, because it changes during the time. That is the
case in particular with the tool return in zone number 3.

The maximum engagement card (Fig. 20) shows that
on a section extracted from the steady mode phase the
maximum immersion angle clearly increases then de-
creases when the generating point moves away from the
embedding position. We see that the more significant the
deformation is, the less the tool engages in the workpiece
material as was described in paragraph 4.2.

5.4 Verification

The real defect of the machined surface is measured on
several generatrix. When the tool is in a steady state
(except for the input in the material and the output from
the material), the real deflection is compared with the
simulated deflection (Fig. 21).

The global error between the predicted form and the
form which really is machined is lower than 0.05 mm on

90% of the height of a section. The method of prediction
of defects proposed in this article is validated since it
makes it possible to predict a peripheral machined defect
at low speed. The error is such as:

ecartcalcule � ecartmesure

ecartmesure

����
����65%:

6 Conclusions—prospects

The method of prediction of peripheral milling defects
proposed in this article is based on the estimation of the
real tool engagement conditions. Several milling tests on
different forms were carried out and made it possible to
validate this method. The results obtained are satisfac-
tory since we showed our capacity to predict the ma-
chined surface defects with a margin of 5%. The method

Fig. 18 The calculated profile in the steady mode

Fig. 19 The simulation of deflection of the machined surface

Fig. 20 The maximal engagement card

Fig. 21 The error profile between the cloud of simulated and
measured dots
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rests on the precise analysis of the tool generating points
kinematics. Based on geometrical intersections calcula-
tions, this method is perfectly integrateable in a CAD
environment. The workpiece material engagement card
concept is significant. These cards represent a help to the
generation of machined tool paths. They are useful to
visualise the transition zones during which the tool
engagement is variable. Our research tasks now tend to
exploit the concept of an engagement card within the
framework of the machined tool paths generation by
respecting a constant tool engagement in the workpiece
material. Another objective is the direct compensation
of the defects estimated by the model previously de-
scribed, the objective being to machine a part by
respecting the functional constraints which were initially
defined.
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tion à diriger des recherches, Université Paul Sabatier, Tou-
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